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 ABSTRACT  
Copper inks potentially provide a cost-effective alternative to silver for printed 
electronic circuits. In glass-based applications such as PV or smart glass, they can 
provide a means of conductivity enhancement or additional functionality. Three inks 
consisting of a mixture of nano and micro copper particles were systematically studied 
to examine the relationship between sintering temperature, sintering time and gaseous 
environment on the electrical qualities of the sintered printed films deposited on FTO 
coated glass. There is a definite interaction between the particulate nature of the ink, 
the sintering conditions, and the conductive properties of the film. Films containing 
only nano-particles provide the most conductive films with optimum sintering 
conditions of temperature of 225 °C for 60 minutes. The inclusion of micro particles 
increased the ideal sintering temperature but lowered the sintering time. An ink 
containing an equal mixture of nano and micro particles exhibited the lowest 
performance. This could be attributed to partial oxidation of the nano-particles along 
the conductive path, which occurs as a result of the presence of the micro particles. 
Other samples were photonically sintered using a PulseForge 1200 laboratory photonic 
sintering unit where the number of pulses, pulse power, pulse frequency and the intra 
pulse gap could be varied. An initial optimization study identified an operational range 
of photonic energy profile. The best possible line conductivity obtained using these 
optimum conditions was around a 1/3 of that obtained by conventional thermal 
sintering. This relative conductivity of photonically sintered features further deviated 
from conventionally sintered features as the film thickness increased and as the line 
width reduced.  Laser / NIR techniques were found ineffective to sinter the copper ink 
used in this study. The possibility to manually blend copper and silver paste ink was 
investigated and an optimum blend of 25% silver and 75% copper could be used which 
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Chapter 1: Introduction  
 
1.1 General Introduction 
 
Copper is the material of choice for circuit boards manufactured using subtractive 
processes due to its conductivity and low cost [1]. For circuitry manufactured using 
additive technology, silver is the material of choice as the dispersion of metallic 
particles is readily manufactured, but copper particles are easily oxidized to their non-
conducting oxide [2], [3]. In the last decades, the synthesis of copper nano-particles 
ink has attracted research attention in manufacturing conductive circuits, because 
replacing silver nano-particles ink potentially leads to lower cost products. 
 
The conductive circuit is the fundamental part of any electrical or electronic device, 
and while silver has excellent conductivity, is stable in organic suspensions and has a 
good lifetime, it is expensive and subject to fluctuations in price. Numerous 
applications for copper ink have already been proven, and these include radio-
frequency identification aerials [4], hybrid silicon/printed flexible circuits [5] and thin 
film transistor electrodes [6]. Each of these applications focuses on polymer 
substrates, most notably polyimide because of its ability to withstand higher sintering 
temperatures, product flexibility and subsequent compatibility with reel to reel 
processes [7].  
 
Formulation of copper inks can be classified into four main groups: thermal 
decomposition of soluble copper salts [8], copper oxide/hydroxide nano-particles 
which are chemically/thermally reduced to copper [9], copper nano/micro-particles 
which can be sintered and hybrid inks which use a combination of these technologies 
[10]. The main challenge with using copper nano-particles is oxidation during 
sintering, as nano-copper is readily oxidized at temperatures over 130 °C [11]. 
Proprietary copper inks overcome this problem with an organic coating (capping 
agent) such as carboxylic acid, or PVP [12], [13], which protects the reactive copper 
during suspension, deposition and drying, but undergoes decomposition and 
sublimation during the sintering process creating a conducting copper network of 




The particles are linked by copper-copper interfaces which are less susceptible to 
oxidation because of their lower surface area to volume ratio. Although nano-particles 
are preferred for their lower sintering temperatures [15], they have an appreciable cost 
penalty associated with manufacturing in controlled argon atmospheric conditions and 
filtering. There is, therefore, an economic driver for the move to mixed micro/nano 
copper systems.  
 
Photonic sintering has proven popular due to its rapid processing speed. Laser 
sintering has been proven as has broad-spectrum intense white light photonic sintering 
[16]. Multi-spectrum photonic sintering (IR and white light) [17], [18] also allows for 
rapid sintering under ambient atmospheric conditions on flexible substrates. All these 
are highly sensitive to the circuit pattern, film thickness, ink composition, substrate, 
and other physical and optical properties. Substrates with high thermal mass act as a 
thermal sink [19], retarding the rapid sintering process, and are particularly 
problematic and are less suited to photonic sintering.  
 
Most copper printing applications have focused on polymer substrates [20]. However, 
in glass-based applications such as photovoltaics (PV) or smart glass, it can provide a 
means of conductivity enhancement or additional functionality [21]. Fluorine doped 
tin oxide (FTO) coated glass offers a low-cost alternative transparent conductive 
substrate to indium tin oxide (ITO) coated glass and has been widely adopted by the 
third generation PV community for organic and perovskite (particularly carbon rear 
electrode) technologies [22]. These PV technologies have transitioned to the module 
scale where larger dimensions demand enhanced conductivity of transparent 
electrodes by printing fine electrode structures between higher transparency and low 
conductivity FTO for more efficient charge extraction [23]. This concept currently 
proposes silver but the deposition of printed copper inks for the bus bars and fine 
charge extraction electrodes within the structure would further reduce the bill of 






1.2 Aim of the research 
The main aim of the study is to evaluate the performance of copper inks printed to 
FTO conductive glass substrates. Specifically, it aims to identify and understand the 
relationship and interactions between the final electrical performance of printed film 
and copper ink characteristics, sintering time, sintering temperature and the 
atmosphere required for sintering. The findings will help identify processing 
productivity and capital, and safety requirements in the manufacture of transparent 
electrodes. 
 
1.3 Literature Review 
1.3.1 Introduction 
Throughout this literature review, several subjects need to be observed. The main areas 
to review are the materials commonly used within printed circuit board manufacturing 
and the previous work which has been performed in this field. Subsequently, copper 
forms and how they are transferred from a liquid to a solid state, and nano-particles 
and thermal degradation of its salts are studied as well as the solar cell screen printing 
process and possible processes for depositing copper in a pattern. A literature review 
of copper deposition, plating, and ovens with reducing atmosphere, photonic and other 
fast sintering processes is undertaken. The challenge during sintering, which is mainly 
the copper oxidation [25], will be reviewed. From there, potential sintering 
mechanisms will be evaluated, and appropriate test methods identified. Initially, 
thermal decomposition and copper oxidation are essential processes to understand the 
challenges and the behaviour of the material. 
 
1.3.2 Copper Thermal decomposition  
Thermal decomposition can be simply defined as a chemical decomposition reaction 
caused by heat [26]. The metal carbonates such as copper carbonate can break down 
when high temperature directly applied to it. Equation 1.3 illustrates the thermal 




→ 𝐶𝑢𝑂 + 𝐶𝑂2 
Eq... 1.1 




Applying heat energy causes one compound to break into two or more substances and 
can simply be explained as the heat breaking down the bond between the atoms of the 
original molecule. However, thermal reaction considers as high energy consumption 
which is less demandable compared to renewable energy resources. 
There are two main types of thermal decomposing in the gas phase and the solid phase. 
The thermal decomposition in the solid phase is commonly used in the preparation of 
nano-particles. There are a few parameters can affect the development of the copper-
nano-particles such as reaction time which can affect particle size [27]. The 
temperature required and the amount of solvent used also can be reduced when smaller 
particles prepared [28]. However, several factors can also impact the thermal 
decomposition process of copper in organic material[29] such as solvent, surfactant 
and reducing agent and considering the concentration of these materials.  
In 2018 Fukuda studied the mechanisms of thermal decomposition of copper (II) 
hydroxide as a possible method to produce CuO nano-particles. The kinetic 
demonstrating of the decomposition reaction examined via the kinetic analysis of the 
mass-loss at different temperatures (30°C - 50°C). The key finding of this study is that 
the mass loss linearly increasing with temperature applied [30]. The crystallite size of 
the obtained CuO on nano-particles range and the specific surface area increased 
steadily. Further heating used led to the crystal growth size of CuO. Therefore, the 
most efficient reaction stage to obtain CuO nano-particles achievable was with lower 
temperature. 
 
1.3.3 Copper oxidation  
Copper oxidation can be described as when copper is exposed to air, will be oxidized 
due to a reaction with oxygen. This takes place when the copper atom initially reacts 
with oxygen molecules. The first primary reaction of copper with the oxygen in the 
ambient atmosphere will convert copper to copper (I) oxide, as shown in Equation 1.2. 
This conversion of copper to copper (I) oxide is followed by further oxidation to form 
CuO, as shown in Equation 1.3. 
 
4𝐶𝑢 + 𝑂2  →  2𝐶𝑢2𝑂  …Eq. 1.2 





As copper can easily be oxidized in the ambient atmosphere, this is considered as a 
significant challenge in the solar cell industrial applications. The reduction can be 
achieved by providing an additive. This is one of the solutions to overcome this 
challenge. The reduction process can be chemically defined as a chemical reaction in 
which hydrogen is added or oxygen is removed from a compound. It is also the process 
used to convert metal oxide into metal [31]. 
 
Nowadays, the noble nano-particles inks such as silver are widely utilized in solar cell 
manufacturing because of their stability and the excellent conductivity they provide 
[21]. However, the main reason for their popularity is the sintering under the ambient 
condition in contrast to copper. However, the copper nano-particles printed ink cannot 
be sintered thermally in the ambient condition. A potential solution for this major issue 
has been investigated by many researchers around the world using a variety of 
sintering methods. 
 
The oxidation mechanism in a thin copper film was investigated by Choudhary et al. 
[32]. Thin copper films with various thicknesses were deposited on glass and silicon 
substrates by employing the vacuum thermal evaporation deposition process. This 
research specifies that nanostructured thin films of Cu2O and CuO can easily be 
reached with the simple thermal method in the ambient condition. X-ray diffraction 
(XRD) examination shows the formation of highly crystalline films of copper oxides 
at different times and temperatures (Figure 1.1). The study also suggests that oxidation 
of the thin copper film is highly sensitive to the diffusion kinetics, which can be related 
to the film particle sizes [33]. However, after thermal exposure for 25 h, the final oxide 
state of the thin copper film was found to be correlated with the temperature applied. 
The thin copper film was initially oxidized to form Cu2O when thermally treated at a 
temperature above 150°C, which is considered as a p-type semiconductor [34]. Further 
curing at a temperature above 330°C in an ambient condition led to the formation of a 






Figure 1.1 XRD spectra of thin Cu films after oxidation in air at different times 
and temperatures [32]  
 
A simple illustration of the copper oxidization mechanism is presented in Figure 1.2, 
which shows a schematic of the surface oxidation steps of thin copper films and the 
effect of temperature on the oxidation levels.  
 





Moreover, in 2002, Zhu et al. investigated the copper oxidation mechanism at a high 
temperature (350oC–1050oC); the oxidation process was carried out under 0.1 MPa 
oxygen. Several studies showed that above 600°C, the thin CuO film is secure and 
impervious to oxygen, and the oxygen potential at the Cu2O/CuO interface is 
determined by the dissociation pressure of CuO, which is constant at high temperature. 
The results suggested that the oxidation kinetics of copper is dependent on the ambient 
oxygen pressure in this temperature range. The amounts of impurities also have a 
significant effect on copper oxidation, as high purity means less oxidation [35].  
 
Several studies have reported that the temperature is the main parameter in copper 
oxidation. Lee et al. studied the copper oxidation behaviour with a range of low 
temperatures between 200°C and 300°C. They defined the oxide layer as three areas: 
a thin CuO layer, a thick Cu2O layer, and an oxygen-containing area. The main finding 
was that oxidation at any temperature below 300°C can be controlled by diffusion 
around the boundaries of the Cu2O particles. Increasing the size of the Cu2O crystals 
in the surface oxide will reduce the paths for mass transportation. However, the study 
concluded that the oxidation rate could be reduced by producing larger particle sizes 
of Cu2O. Accordingly, pre-oxidation treatment was required by applying a high 
temperature of 600°C. This treatment was applied to produce large Cu2O crystals in 
the surface oxide; subsequently, the oxidation was significantly reduced at a 
temperature below 300°C [36]. 
 
Haugsrud investigated the water vapour effect on copper oxidation at the University 
of Oslo in 2002. A different oxygen pressure and water vapour were applied to oxidize 
the high purity copper used in this study, with a complex flowmeter controlling the 
gas mixer. The gas mixture was divided into two parts; the first part was dried over 
P2O5 ( Phosphorus pentoxide) leaving three ppm of H2O in the gas, and the other part 
was fed through the saturated KBr solution giving a water vapour pressure of 0.02 atm 
at room temperature. The oxidation rate of high purity copper was measured as a 
function of the oxygen pressure and water vapour pressure at 500°C and as a function 
of temperature in dry and wet air in the range 400°C–1000°C. The scanning electron 
microscope (SEM) image in Figure 1.3 shows that the oxide whiskers were covering 
the surface, and the amount of these whiskers increased when the water vapour and 




water vapour at room temperature on copper oxidation depends on the grain boundary 
effect and cannot be relied on, as the researcher suggested; therefore, further studies 
are required to observe this effect fully [37]. 
 
 
Figure 1.3 SEM micrographs of a side view of the whiskers formed at the surface 
 
 
CuO) and Cu2O in nano-crystals have also been investigated by several researchers 
due to the high potential of using them in high-temperature semiconductor and solar 
cell applications. Yen et al. investigated the optical properties of the nano-crystals as 
a function of size. The monodisperse stable Cu2O nano-crystals were synthesized by 
using a novel wet chemistry method. This reliable method have an advantage of nano-
crystals and narrow size distributions on copper nano-crystal stability [38].  
 
Generally, in solar cell manufacturing, the front contact consists of a pattern grid 
comprising the fingers and busbars. Silver paste is the most common material used to 
form these grids deposited by screen printing [39]. The solar cell is reviewed in the 






1.3.4 Solar cell  
A solar cell is a viable way to convert the sun’s rays directly into electricity that can 
be utilized. The active part of a solar cell is a wafer made of a semiconductive material 
(typically silicon), which can be made more conductive via a process called doping. 
Doping can be defined as the process of intentionally adding impurities to a 
semiconductor to change its electrical properties [40]. The semiconductor part of the 
solar cell has three layers. The thin top layer, also known as the negative-type or n-
type, contains silicon doped with phosphorus, which has more electrons than silicon. 
This gives the top layer access to electrons that are free to move and makes the material 
more conductive. The bottom layer, also known as the positive-type or p-type, 
contains silicon doped with boron, which has fewer electrons than silicon. This gives 
the bottom layer fewer electrons that are free to move, thereby making the material 
less conductive. A missing electron or the hole can be described as an effective 
positive charge. The thicker middle layer has only slightly fewer electrons, which 
makes it marginally a p-type [41].  
 
The final step in standard solar cell manufacturing is the formation of a conductive 
grid pattern comprising fingers and busbars to collect the light-generated electrons. 
This study focuses on the thick metal lines that are printed on the top n-type layer 
(typically made of silver). Figure 1.4 shows the printed pattern of fingers and busbars. 
The bottom p-type layer is in contact with the aluminium plate.  
 
 






The description of the solar cell structure helps to explain how a solar cell generates 
electricity. In simple terms, the sun emits energy in the form of waves. These waves 
can range in length, from the short ultraviolet waves through the rainbow of the visible 
spectrum to long infrared waves. When the sunlight hits the solar cell’s top surface, 
only light with a wavelength of 350 nm–1140 nm is absorbed into the middle layer of 
the solar cell. This range of wavelengths includes the visible spectrum. Ultraviolet 
wavelengths are so short so that they stop at the surface. On the other hand, infrared 
wavelengths are so long that they cannot be absorbed and pass through the cell or are 
reflected if FTO glass is used.  
 
The light wave knocks an electron off the silicon atom in the middle layer, setting the 
electron free and leaving an area of positive charge (a hole). The free electron then 
moves towards the top and reaches the top n-type layer, which readily accepts 
electrons. Similarly, the free hole moves towards the bottom and reaches the p-type 
layer, which readily accepts holes. This process continues as long as the sunlight 
shines on the solar cell. 
 
The electrons and holes are now separated, linking a wire between the top electrode 
made from printed silver, and the bottom aluminium electrode provides a pathway for 
the electrons to move towards the holes. This can be used as a source of electricity. 
The solar cell structure is illustrated in Figure 1.5.  
 
 








1.3.5 Patterning process of metal deposition  
The most common processes for depositing copper in a pattern are screen printing and 
inkjet printing [42] [39]. Pattern printing can be used to produce sensors, flexible 
connectors, single- and double-sided PCBs, touch panel bezel contacts, conductive 
fabrics, batteries, and solar cells.  
 
Screen printing is the deposition and patterning method that is being used, as it 
provides a method by which a liquid paste can be placed on a substrate such as glass, 
silicon, and epoxy. It offers the ability to deposit a thin or thick film with a wide 
rheological window with minimum pressure over a wide area at reasonable production 
rates [43]. The screen printing of copper ink is the method of choice for a wide range 
of applications, such as PCB resistors and smart glass [21] or carbon in production of 
resistive heating elements [44]. Many of these applications present substantial 
challenges for the material formulator and sintering process. The principle of screen 
printing is shown in Figure 1.6. A screen holds the pattern image while the ink is held 
on the top side of the screen. 
  
 
Figure 1.6 A schematic cross-section of the screen printing process 
 
 
The passage of the squeegee over the screen pushes the ink through the screen to the 
substrate. Principally, a screen-printing system depends on four distinctive elements: 












Inkjet printing is an efficient method for direct pattern deposition of materials on 
flexible substrates and a fragile substrate used in the production of electronic devices, 
sensors, and light-emitting diodes [45]. Inkjet printing is one of the most challenging 
deposition processes; this is attributed to the material formulation. The inkjet printing 
process is highly dependent on the rheological behaviour and which must be matched 
precisely to the used inkjet head. An ink made for one head may not operate in another 
head, and even a small change in the ink properties could require a change in the head 
or its operational parameters. 
 




Figure 1.7 Schematic of the main type of inkjet head drop on demand piezoelectric 
inkjet 
 
As a result of these challenges with inkjet printing, screen printing can be considered 
as a more suitable procedure to obtain a copper pattern using copper nano-particles 
ink, as it has a wider operation window in terms of formulation of materials, which is 














1.3.6 Syntheses of copper nano- and micro-particles ink 
Metallic nano-particles are elementary particles with dimensions of less than 100 nm. 
As this work focuses on using copper nano- and micro-particles ink in the production 
of a conductive film, it is essential to comprehend how they are prepared, as well as 
the materials used in its production. There are several chemical methods to make 
copper paste. However, in this section, only the general method is described.  
 
In simple terms, copper (II) sulphate pentahydrate, as a precursor salt, is the primary 
chemical material in the preparation of copper nano-particles ink [46]. First, extracting 
copper sulphate from a pure solid copper wire requires several steps to achieve the 
electrochemical reaction. The first is immersing two copper wires in sulphuric acid 
solution, and the second is connecting the wires to a source of electricity, for example, 
a battery. Subsequently, when the power runs through copper electrodes (anode and 
cathode) in a dilute sulphuric acid bath, the cathode will produce bubbles of hydrogen 
gas while the anode will release copper ions into the sulphuric acid and they will be 
oxidized by the current. Some of the copper from the anode will make its way to the 
cathode, where it will be reduced. The electrochemical bath that turns a blue colour 
contains the copper sulphate, which will then become a blue powder [47] [48]. There 
is an alternative method to the electrochemical process to make copper sulphate by 
dissolving copper oxide in sulphuric acid [49]. Copper nano-particles can be prepared 
by adding, for example, ethylene glycol as a solvent to copper sulphate and propylene 
glycol as a polymeric electrically conductive binder. A copper paste will form copper 
nano-particles after drying and being fastened with these polymers. A homogeneous 
film can be achieved from it, as the polymers used must have good electrical 
conductivity [50]. 
 
Blosi et al. investigated the use of a microwave in synthesizing copper nano-particles 
in 2011. The study aimed to obtain more stable copper nano-particles ink by using a 
Milestone microwave oven. The temperature applied was between 60°C and 170°C 
[51]. The results obtained in this study showed that the temperature has the greatest 
effect on the morphology and the growth of the copper nano-particles, which means 





Different sizes of copper nano-particles were used in a study conducted by Zuo in 
2017. Copper nano-particles of 20 nm and 100 nm used in bonding paste are expected 
to improve the shear strength of the copper–copper bond. The modified joints with 
this optimal mixed paste show the highest bonding strength of over 15 MPa at a lower 
temperature of 250°C and pressure of 4 MPa. Accordingly, paste containing particles 
of varying sizes could be a promising bonding material for the high-density packaging 
of electronic devices [52]. 
 
Cheng et al. used synthesized copper nano-particles reduced by l-ascorbic acid and 
coated with PVP to obtain antioxidative copper nano-particles ink. The average size 
of particles achieved in this study was 140 nm, and they showed significant stability 
after being stored for 3 months in the ambient condition. This can be attributed to the 
use of PVP and l-ascorbic acid as a capping agent, which prevents the particles from 
growing and provides a shield against oxidizing when sintered [53]. Figure 1.8 
presents XRD analyses of copper nano-particles stored for 0 months and 3 months. 
 
 
Figure 1.8 XRD analyses of copper nano-particles stored for (a) 0 months and (b) 3 
months [53] 
 
The synthesis of copper nano-particles ink has a significant influence on the deposition 
process, as it depends on the material viscosity. It also affects the sintering method, in 
which the size of particles plays an important role [21]. The next section will review 




1.3.7 Thermal sintering of copper nano- and micro-particles  
Thermal energy is energy controlled by an object due to the movement of molecules 
or atoms within the object. It is one of the types of energy that can be used to sinter 
copper ink [54]. In this study, the aim of producing copper particles by applying heat 
is to enhance film conductivity. Since thermal energy is caused by the movement of 
particles, it is a type of kinetic energy, which is the energy caused by motion. 
Thermodynamic energy can be defined as an internal energy present in a system due 
to its temperature [55].  
 
The sintering of printed copper nano-particles has recently received considerable 
attention due to the potential for saving cost [56] [57]. The rapid oxidation of copper 
nano-particles ink motivates the scientific researchers to utilize a reducing atmosphere 
during the thermal sintering [58] [53]. Recently, numerous reducing atmospheres have 
been employed to sinter printed copper, such as mixed gas (H2/N2), and argon. In the 
following section, reducing atmospheres will be reviewed individually.  
1.3.7.1 Thermal sintering under nitrogen reducing atmosphere  
To investigate the benefit of a nitrogen reducing atmosphere in sintering copper nano-
particles film, understanding the interaction between nitrogen and the surface of the 
copper film is a priority, as copper is widely used in systems containing nitrogen, such 
as the reduction and decomposition of nitrogen oxide [59]. Nitrogen is a very stable 
molecule [60], as the two nitrogen atoms in its molecules are united by a particularly 
strong triple bond. Furthermore, it prevents oxidation by applying nitrogen gas 
throughout the oven during the sintering process. As nitrogen is inert (non-reactive) 
and will displace the oxygen to prevent scale formation of copper oxide, a nitrogen 
atmosphere has been used in the nanostructure fabrication of silver nanowires [61]. 
Therefore, employing an inert gas such as nitrogen helps to reduce the oxygen [62] 
partial pressure, which can be used as an alternative condition to the high vacuum 
atmosphere, as it known to be more complicated and expensive [63]. 
 
In 2016, Yonezawa proved that a low sintering temperature of 100°C under a nitrogen 
reducing atmosphere of copper nano-particles deposited on alumina substrates using 
the doctor blade method led to low film resistivity of 9.0 × 10−6 Ωm. The sintering 




min [64]. The sintering of copper nano-particles at a higher temperature of 200°C 
investigated by Lee et al. in 2015 also used the doctor blade technique under a nitrogen 
reducing atmosphere, but with controlling of the substrate temperature. The substrate 
used in this study was polyimide (PI), which was kept at 85°C during the printing 
process, allowing the ink to be sintered gradually during the printing and afterwards. 
The film resistivity achieved in this study was 45 μΩ cm after 20 min of sintering, 
then 3.6 μΩ cm, or 2.2 times the resistivity of bulk copper, after 60 min of sintering 
[36]. 
 
In this study, the sintering process was carried out under a nitrogen reducing 
atmosphere at 200°C for 30 min. The resistivity of the copper electrode was 16 μΩ cm 
[65]. Figure 1.9 shows the SEM images of the copper film on a glass substrate and 
pressure-less sintered at different temperatures under a nitrogen reducing atmosphere, 
which suggested that the best sintering temperature is 200°C, as a higher temperature 
led to over-sintering. 
 
 
Figure 1.9 SEM images (i) 180°C, (ii) 200°C, (iii) 230°C, and (iv) 260°C under a 
nitrogen reducing atmosphere for 30 min [65] 
 
Printed copper on glass substrate was also used with the doctor blade technique by 




under a nitrogen reducing atmosphere for 60 min at 300°C. The resistivity improved 
compared to the sintering under an ambient atmosphere [66].  
 
Most of the studies have shown that it is possible to employ nitrogen to sinter copper 
nano-particles, which were deposited by screen, inkjet and doctor blade printed 
features, but that this comes at the expense of conductivity, with the best conductivity 
being 10–15 times higher than bulk copper resistivity (9.0 × 10−6 Ωm) [64]. 
Consequently, other reducing atmospheres, such as an H2/N2 mixed gas or formic acid 
environment, have been employed by many researchers in sintering copper ink [53].  
 
1.3.7.2 Thermal sintering under formic acid atmosphere  
Reduction processes using formic acid are widely used in semiconductor and PCB 
manufacturing [67]. Employing a formic acid atmosphere motivated many 
researchers, benefiting from the reducing agent on sintering copper nano-particles film 
[68]. However, understanding the mechanism of formic acid decomposition and the 
behaviour of the copper film under this atmosphere is a priority, as this could affect 
the substrate used. The main aim is for the copper oxide to be removed by the chemical 
reaction with formic acid. The reaction process in the presence of formic acid as the 
reducing agent [69] to prevent copper oxidation is as follows:  
 
𝐻𝐶𝑂𝑂𝐻 → 𝐶𝑂2 +  𝐻2  …Eq. 1.4 
𝐻𝐶𝑂𝑂𝐻 → 𝐶𝑂 +  𝐻2𝑂  …Eq. 1.5 
𝐶𝑢2+ + 2𝐻𝐶𝑂𝑂𝐻 → 𝐶𝑢 +  𝐻2 + 2𝐻𝐶𝑂2 
−  …Eq. 1.6 
𝐶𝑢𝑂 + 2𝐻𝐶𝑂𝑂𝐻 → 𝐶𝑢(𝐶𝑂𝑂𝐻)2 +  𝐻2𝑂  …Eq. 1.7 
 
Therefore, formic acid vapour can provide a significant reducing atmosphere [62]. In 
other studies, a formic acid atmosphere was applied directly into a copper ink or just 
before the printing took place [70].  
 
Decomposition of formic acid at high temperature and its reactions with different 
adsorbed species provide a sufficient reducing environment inside the oven. The aim 
is to enhance the conductivity of copper film by preventing the oxidation reaction. On 




decolouration of an FTO substrate, as the high-temperature acidic vapour (which has 
not thermally decomposed to CO and H2O) might react with the FTO coating and 
cause yellowing of the substrate [21]. Thermal sintering allows the copper nano-
particles or micro-particles to fuse and creates a good path for the current to travel 
through once the oxygen is disabled to create a barrier by forming copper oxide, which 
can be generated under a formic acid atmosphere [49]. 
 
A low sintering temperature study was conducted by Hermerschmidt et al. They used 
a formic acid atmosphere to sinter nano-copper, which was inkjet printed on ITO-
coated glass. The conductivity achieved with sintering at 130°C up to 16% of the 
conductivity of bulk copper and more than 25% was observed with sintering at 150°C. 
Adhesion and bending tests confirmed the stability of the thin film and up to 2% tensile 
strain. The study aimed to achieve a low-cost printable material sintered at low 
temperature compatible with plastic substrates such as polyethene terephthalate [71].  
 
Another study investigated the effect of formic acid on the sintering of copper nano-
particles ink, but as a pre-treatment on the ink preparation. The spherical copper nano-
particles with an average size of 30 nm were immersed in a mixed solution of formic 
acid and absolute ethanol [68]. The study reported that the formic acid pre-treatment 
enabled the sintering process under mixed 95%N2 5%H2 to obtain film resistivity of 
3.6 μΩ cm at a low temperature (160°C). In addition, the resistivity increased to 6.12 
μΩ cm when the sintering temperature was increased to 260°C. This also resulted in 
excellent adhesion performance on plastic or glass substrates. The main finding was 
that the formic acid pre-treatment method is more effective than the technique using 
formic acid vapour as a reducing atmosphere [68]. 
 
Lee conducted a study using inkjet printing [72]. However, comparing Lee’s study 
with Liu’s study is not possible, as Lee sintered the copper nano-particles ink at 200°C 
for 1 h in a tube furnace under a reducing atmosphere of nitrogen gas bubbled through 
formic acid. In contrast, Liu employed dual reducing parameters (formic acid as pre-
treatment and a gas mixture of 95%N2 5%H2) as a sintering atmosphere for 10 min 
[68]. Figure 1.10 shows the resistivity obtained under a formic acid atmosphere of the 
copper pattern on a PI substrate as a function of time sintered at 200°C under a 






Figure 1.10 Resistivity of copper pattern on a PI substrate as a function of time 
sintered at 200°C under a reducing atmosphere [72] 
 
Kim et al. reported a more straightforward method of using formic acid during the 
sintering process in 2012. The printed sample and a petri dish containing formic acid 
were placed on a hot plate and then covered with a larger petri dish. A glass substrate 
was used, and the deposition was conducted by the bar coating method. The annealing 
process was carried out at 200°C for 2 min on a hot plate in a glove box followed by 
reduction with formic acid gas at 250°C for 2–10 min. [73] The lowest resistivity 
achieved was 5.2 μΩ·cm at 200°C for 2 min followed by reduction with formic acid 
gas at 250°C for 2 min [73].  
 
1.3.7.3 Thermal sintering under mixed gas atmosphere 
This section reviews the sintering process under a reducing atmosphere by employing 
a two-component mixture such as 95%N2/5% H2 or an 96%Ar/4%H2 gas mixture [53]. 
The H2/N2 gas mixture has the benefit of low surface oxidation, as hydrogen acts as a 
scavenging agent, preventing the formation of a thick chrome oxide layer when it is 
used in the manufacturing of austenitic stainless steels [74]. The low surface oxidation 
is a clear and consistent benefit of using the more controlled reducing atmosphere 
produced by the 5%H2/95%N2 mixture [75]. 
  
A mixture of 96%Ar/4%H2 was used in a sintering atmosphere study conducted by 




1.3.5. The copper film on the flexible substrate was sintered in a muffle furnace with 
varying temperatures (200°Ϲ–400°Ϲ) and times (10 min–180 min). The lowest 
resistivity achieved was 5.7 μΩ cm within 30 min at a temperature of 400°C under the 
mixed gas sintering atmosphere. The study suggested that resistivity of three times 
greater than the electrical resistivity of bulk copper (1.75 μΩ cm) can be obtained by 
employing the mixture gas of 96%Ar/4%H2 sintering atmosphere [53]. Figure 1.11 
shows the variations in electrical resistivity of copper films under a specific 
temperature as sintering time increases.  
 
 
Figure 1.11 The variations in electrical resistivity of copper films under a certain 
[53] 2temperature as sintering time increases under 96%Ar/4%H 
 
The effect of using a sintering temperature under a condition of 5%H2/95%N2 was 
reported by Liu in 2016 [76]. Using direct bonding copper (DBC) substrate and SiC 
components, the copper films were dried and sintered under this atmosphere, with a 
short sintering time at 200°C, 260°C and 320°C for 5 min. The film resistivity 
increased from 40.5 μΩ·cm to 5.65 μΩ·cm when the sintering temperature was 





Overall, the high cost of thermal sintering encourages the exploration of alternative 
sintering methods [77] to determine whether copper nano-particles could be 
continuously processed. Several studies have been conducted using high power broad 
area pulsed visible light photonic emission [10], which offers almost instantaneous 
sintering without the register required by laser sintering [78]. 
 
1.3.8 Photonic sintering of copper nano- and micro-particles  
Photonic sintering is one of the fastest processes that can be used to sinter copper 
nano-ink [79]. Using white intense pulsed light from a xenon lamp has another 
advantage in addition to the fast sintering, as it avoids causing any damage to the 
substrate during the sintering process [10]. 
 
The generation of the light energy is correlated with the size of the capacitors, the 
voltage applied to the capacitor, and the number of pulses. Figure 1.12 shows the light-
generating diagram.  
 
 
Figure 1.12 Light-generating diagram 
 
The PulseForge photonic curing system, which is one of the most common techniques 
utilized to sinter thin copper film, is based on light energy [80] [21]. The design and 
configurability of PulseForge allow the sintering process to be valid independently of 
the deposition method used for the material being processed [81]. PulseForge also 
enables the use of less material to reach the target conductivity in conjunction with the 
faster processing time; consequently, a significant product cost saving can be achieved 
[10]. The basis of PulseForge’s ability is using light energy to sinter metallic ink. It 
also has the capability to deliver significant energy to the surface of the application in 









A multi-pulsed light sintering process on inkjet-printed copper nano-ink (30 nm) with 
fixable plastic substrate was used in a study conducted by Han et al. With maximum 
energy of 100 J/cm2 applied, the temperature of the surface material reached 1050°C 
in 20 ms. The sintering was conducted at different light intensities with active energy 
of 17–32 J/cm2. Figure 1.13 shows how the content responds according to the applied 
energy [82].  
 
 
Figure 1.13 XRD of copper nano-ink sintered at different light intensities [82] 
 
Slight damage occurred on the PI substrate at the energy level higher than 50 J/cm2. 
However, the best electrical structure was obtained with sample (e) in Table 1.1; 
nevertheless, eight pulses led to the total energy of 32 J/cm2. The lowest resistivity 
obtained was about 100 times higher than with bulk copper, which confirms that 
photonic sintering relies not only on the applied energy, but also on the mechanism 
and the crystallization of the materials. It can be dependent on the explosive surface 
melting and condensation process. Therefore, the resultant nano-structures have many 





Table 1.1 The summary of sample identification (ID) and pulse conditions to the 
total energy achieved [82] 
 
 
The principal finding in Han’s research is that high energy could lead to over-sintering 
or poor conductivity [82]. However, another study with low-energy photonic sintering 
conducted by Chung in 2015 used hybrid copper ink with nano-particles of 10 nm –
70 nm, and the ink was deposited on a PI substrate using the doctor blade printing 
method. Samples were then dried on a hot plate at 80°C for 2 h. The sintering process 
using flashlight sintering (PerkinElmer co) was conducted at room temperature with 
energy of 8–14 J/cm2 applied for 4–15 ms. In addition, temperature was measured 
during the sintering process using a non-inverting amplifier circuit. The best resistivity 
achieved was 27.3 µΩ cm. Figure 1.14 shows resistivity at different pulse times [10]. 
 
 





A study investigating the temperature change during the flashlight sintering process 
was carried out using a PI substrate and the doctor blade printing method [7]. Park 
stated that in this study, the copper nano-particles films were agglomerated and fully 
sintered at sintering energy of 12 J/cm2 with no damage caused to PI substrates [7]. 




Figure 1.15 SEM images of the flashlight irradiated copper nanofilms as changing 
2 , (e) 10 J/cm2, (d) 8 J/cm2, (c) 6 J/cm2, (b) 4 J/cm2irradiation energy; (a) 2 J/cm





The skin depth of the material in a deposited thick or thin film is considered a vital 
parameter of the physical kinetics when photonic energy is applied to sinter the film. 
A highly reflective surface could affect the energy required to sinter thick films and 
the stability of the film [84]. This condition must be considered when thick metallic 
films are deposited on a glass substrate. It is necessary to study the optical conductivity 
and the complex refractive or complex dielectric function for the copper nano-particles 
ink. These physical parameters are temperature- and wavelength-dependent [84]. 
Figure 1.16 illustrates the skin effect region, the emissivity of copper and silver, which 
shows a broad peak in the mid-infrared at 25°C.  
 
 
Figure 1.16 The skin effect region, the emissivity of copper and silver [84]  
Ennaceri et al. carried out a study to improve the first surface of silvered thick glass 
mirrors and used 2 mm glass covered with a metal back layer of copper (50 nm) as 
back protection of the mirror. A reflective layer of silver (100 nm) was deposited on 
top of the copper layer using the sputtering PVD (Physical vapour deposition) 
technique. The main finding shows that the prepared mirrors with different 
combinations have similar specular reflectance, with a high value (98.6%) [85]. 
  
The spectral dependence of the light extinction, scattering, and absorption efficiency 
factors was studied by Kalenskii et al. in copper nano-particles synthesis [86]. They 
demonstrated that the plasmon extinction band on the spectral dependence is shifted 
with increasing nano-particle radius, which is followed by the band broadening if the 






The optical properties of copper oxide thin film were investigated by Kayani et al., 
who studied the optical conductivity of undoped and V-doped copper oxide thin films 
as a function of skin depth. Table 1.2 shows that the optical conductivity was increased 
with the combination of V doping and lower skin depth. This is attributed to the 
enhancement in crystallization and voids produced in thin films [87].  
 
Table 1.2 Optical properties of undoped and V-doped copper oxide thin films [87] 
 
 
The flashlight process can also be used with multi-step processing [88], and a two-
step flashlight sintering process was employed to reduce the warping of polymer 
substrates that can be caused by thermal sintering. To identify the best sintering 
conditions of the copper nano-ink, the flashlight irradiation conditions were applied at 
different power, pulsed number, and a different time. To monitor the flashlight 
sintering process, in-situ resistance and temperature monitoring of copper nano-ink 
were conducted during the flashlight sintering process. The finite-element program 
ABAQUS was used to predict the temperature changes of copper nano-ink and the 
temperature of the polymer substrate. The resulting two-step flashlight sintered copper 
nano-ink films exhibited low resistivity (3.81 µΩ cm) and good adhesion strength 
without warping of the polymer substrate [89].  
 
The main challenge in using photonic sintering is that the light energy is applied to the 
whole sample surface and that energy is dependent on the size of the printed feature, 
whereas laser sintering comes with a selective condition for each printed object [21]. 
  
1.3.9 Laser sintering of copper nano- and micro-particles  
The challenge with using the flashlight in copper sintering encourages researchers to 
try a variety of techniques as an alternative [90] [91]. Laser sintering is one of the fast 




Printed copper nano-particles film sintered by employing a laser [96] [97] in both an 
ambient and a nitrogen atmosphere have been investigated in several studies. The 
following paragraphs will discuss laser sintering. 
 
Halonen et al. studied the impact of laser sintering on copper nano-ink in an ambient 
condition. A diode laser was used with continuous-wave 808 nm to sinter copper film 
deposited on a PI substrate by an inkjet printing process. The sintering was conducted 
with power up to 35 W and the beam size was 2.5 nm, which led to a laser spot of 1.1 
mm × 0.4 mm. The samples were examined traditionally by using a multi-meter to 
measure the resistance. The resistivity obtained in this study decreased frequently as 
the optical power increased [91]. The copper resistivity at the power of 2.62 W was 
53.7 Ω, and at 7.95 W, it was 11–12 Ω. Laser sintering forms larger grain structures 
with a good agglomeration level, which enhance the conductivity. The study indicated 
that laser sintering is a good technique to use in copper sintering and has a good 
repeatability effect on the conductivity of the copper film. However, the multiple 
sintering cycles at constant power and velocity showed no effect on the conductivity 
of the film [91]. Figure 1.17 presents the resistance of laser-sintered samples as a 
function of the optical power of the laser diode. The scanning velocities used were 50 
mm/s, 100 mm/s, 200 mm/s, and 400 mm/s. 
 
 
Figure 1.17 The resistance of laser-sintered samples as a function of the optical power 





In 2011, Joo et al. investigated laser sintering under a nitrogen atmosphere. Copper 
paste was screen printed on a PI substrate. An ultraviolet laser at 355 nm with different 
power applied was employed in this study to sinter the copper complex consisting of 
Cu and Cu(COOH)2, and nitrogen gas was blowing during the laser sintering to 
provide a reducing atmosphere during the sintering process. The best resistivity 
achieved in this study was 1.86 × 10−5 Ω at 275oC. The XRD examination in figure 
1.18 shows a significant difference between the film that was thermally sintered in the 
ambient air and the film sintered by laser under the nitrogen atmosphere, which shows 
no oxide peak [98]. 
 
Figure 1.18 XRD. (a) As-printed, (b) thermally sintered in ambient air, (c) 
[98]atmosphere  2sintered in N-atmosphere, (d) laser 2thermally sintered in N  
 
In Figure 1.19, the SEM image shows that no measurable change in the colour and 
surface morphology was observed at low power. However, with sintering at a power 
higher than 0.8 W, the colour of the film changed slightly, and individual complex 
polyhedrons became porous, This could be attributed to the decomposition of formate 






Figure 1.19 SEM image of films sintered at different laser powers of (a) 0.8 W, (b) 
1.0 W, and (c) 1.4 W [98] 
 
Both the thermal sintering process and the laser sintering process were carried out 
under a nitrogen atmosphere by Joo. The lowest resistivity achieved with the laser 
sintering was 1.41 × 10−5 Ω cm; this value was higher than the resistivity (1.30 × 10−5 
Ω cm) of the film thermally sintered at 275°C [16]. Figure 1.20 shows the comparison 
of the laser and thermal sintering sheet resistance achieved in this study. 
 
 
Figure 1.20 (a) Sheet resistances plotted as a function of the scan rate and laser power 
 (b) Sheet resistance as a function of the annealing temperature under N2 atmosphere [16] 
 
Proving that better conductivity is achieved under an ambient condition requires 
further investigation [16]. 
In 2014, Zenou et al. used a laser for drying printed copper nano-particles under an 
ambient condition. In this study, a new conductivity measurement method was 
employed based on reflectance, and the ink was dried after printing by applying low 
laser power over the ink and keeping the laser spot size and scanning velocity fixed. 





lead to a degraded sintered pattern [99]. Figure 1.21 shows the SEM image of laser 
drying conditions on copper ink films for three different drying levels.  
 
 
Figure 1.21 The effect of ink drying conditions on sintered Cu ink film for three 
different drying levels [99] 
 
This study highlighted the potential of sintering copper nano-ink under an ambient 
condition, as the film resistivity achieved two–three times that of bulk copper by using 
a laser of 30–50 J/cm2 for 5 ms [99]. Figure 1.22 shows the copper line resistivity 
dependence on laser power for scan velocity and illustrates the film ablation caused 






Figure 1.22 Copper line resistivity versus laser irradiance (constant laser scan 
). The insets are bright field microscopy images of the −1velocity, v = 3 mms
scanned copper line [99] 
 
Another method was proposed by Cheng et al. in 2016 using a femtosecond laser to 
sinter copper nano-particles. Femtosecond laser sintering is one of the most suitable 
technologies for reducing the surface oxidation by removing the solvent from the ink 
in a short time. The copper was deposited by spin coating onto a glass substrate, and 
then the samples were dried using a hot plate for only 30 s at 110°C. The laser was 
applied under an ambient condition with 800 nm wavelengths and a repetition rate of 
80 MHz. The reflectivity decreased when the laser pulse was applied [100]. Figure 
1.23 shows the calculated surface reflectivity and absorption coefficient for a single-






Figure 1.23 Time dependence of the calculated surface reflectivity (a) and absorption 
coefficient (b) for a single-shot laser pulse [100] 
 
The main outcome of this study was simulating the ultrafast laser heating process to 
determine the laser energy required to achieve the most suitable temperature to sinter 



















1.4 Summary  
Based on the literature review, printing and sintering copper nano- or micro-particles 
is a complex topic, and it is also clear that multiple factors affect the printing methods, 
the sintering process and the substrate used, which needs to be taken into account.  
 
One of the main factors is the ink properties; the ink of mixed particle sizes could be 
a promising bonding material to achieve better adhesion, better conductivity [52], and 
better stability [3]. Therefore, three different inks will be investigated: pure Nano 
copper, 50% Nano 50% Micro, and 20% Nano 80% Micro. Another factor is the 
sintering temperatures, which can be affected by the substrate utilized (glass, 
polymer). In the literature, the sintering temperature applied was 100°C–300°C, which 
has been found to be the most influential temperature to remove the solvent from the 
ink after 60 min [101]. There is also the influence of the sintering atmosphere, which 
affects the oxidation behaviour. According to the literature, it tends to be subjective 
and material-dependent; however, the mixed gas atmosphere is the most promising 
sintering environment [76].  
 
It was found that the tube furnace reducing atmosphere was the most practical to 
operate a reducing atmosphere [58]. The literature review shows that there are many 
better sintering methods; however, they are more operating intensive and require 
specialised equipment, and photonic sintering is widely applied [102] [103] [104] 
[105]. The main finding of the literature review is that the high photonic energy can 
be useful at a determined level if the ink was printed onto a less heat-sensitive substrate 
such as glass [82]. Laser sintering was considered as a robust method that would 
damage the thin film with a limitation application taking the employed substrate into 
account. However, it is necessary to investigate the use of a low-power laser with a 
solid substrate. It appears that there are few or no studies on processes which work on 
the thick film that has been photonically sintered, which is the film deposited by screen 







Chapter 2. Materials and Experimental Methods  
 
2.1 Introduction 
This chapter presents the description of the methods, materials and equipment 
employed in this project. It also provides the main information on the operational 
principle of the manufacturing and characterization equipment, as well as the 
justification for its use. This chapter ends with a detailed explanation of the validity 
and reliability of all the experiments and analysis equipment, which leads to the results 
chapter. 
 
2.2 Selection and preparation of materials 
Nano- and micro-copper printing inks were supplied by Intrinsiq Materials Ltd (UK). 
Intrinsiq Materials was a recognized developer in making nano materials and 
producing conductive inks and pastes for research and for commercial electronic 
sectors. In this study, 100N, 50N50M and 20N80M nano-copper-based inks were 
utilized with several sintering processes (Table 2.1). These inks were blended by 
Intrinsiq via manipulation of the manufacturing process, in which the particle size 
distribution is varied by altering the argon flow rate, temperature, and copper melt 
temperature into their reactor. This manufacturing information is proprietary and was 
not shared. What is known is that the larger particle size is easier and cheaper to 
manufacture, as the particle size tolerances are significantly wider, separation of the 
particles from the gas stream is easier, and argon gas flows are lower. There is, 
therefore, a commercial driver in using the micro-particles in ink. 
 














100 N CP007 76.2 N/A N/A 30–50 
50N50M IMCE4101 72.6 50:50 1.5–2.5 30–50 






During the course of the PhD study, Intrinsiq Materials ceased trading in the UK, and 
therefore further information on its blending process was not available. More 
importantly, the volume of material that was available was limited. This issue became 
a significant research challenge, as potential avenues of investigation were curtailed 
by material availability. Each printing trial required a minimum of 250 g of material 
for the correct operation of the printing press (section 2.2.4). Although the 
manufacturing assets of Intrinsiq Materials were shipped for installation in the US 
parent company, these were not operating within the timescales of the project, and 
much of the manufacturing knowledge was lost. 
 
The inks tested were standard inks designed for reducing oven sintering. Intrinsiq also 
developed materials of which the formulations were tailored to photonic sintering. As 
laser sintering is similar to photonic sintering, a repeat study using this alternative 
formulation was also conducted. The characteristics of each of the materials were 
examined by employing several techniques, such as thermogravimetric analyser 
(TGA), particle size distribution (from SEM images of the printed film) and rheology, 
as this has been shown to impact the print characteristics [106]. 
 
2.2.2 The substrate preparation 
The substrate used in all the methods was FTO-coated glass made from 3 mm thick 
NSG Tec 07. The FTO-coated glass is a standard product used in the architectural 
glass industry, where ‘07’ corresponds to the sheet resistance of the CVD-coated FTO 
layer on the glass. This substrate was chosen, as it is the substrate of choice for low-
cost third-generation PV utilizing Perovskite and OPV technologies, one of the target 
markets for printed copper. 
 
A 300 mm × 300 mm sheet was cut into 36 samples of 50 mm × 50 mm (Figure 2.1). 
The samples were immersed in a DI water tank in a 40 kHz sonication bath for 30 min 
at 80oC to remove debris and surface contaminates benefiting from the cavitation [107] 
and was subsequently cleaned with methanol then acetone to remove any organic 
material left on the surface. Samples were then dried by compressed nitrogen and kept 





 (300 mm) (50 mm) 36 × 
 
Figure 2.1 FTO glass sheet substrate cut into 36 samples of 50 mm × 50 
mm 
 
2.2.3 40kHz sonication bath utilized in substrate cleaning  
Ultrasonic baths are widely used in the cleaning process benefiting from the cavitation 
phenomenon [107]. The cavitation effect is generally well distributed through the 
liquid bath. Cavitation creates microbubbles during the acoustic cycles. These 
microbubbles grow during rarefaction cycles and can expand. However, they 
eventually reach an unstable size and produce smaller microbubbles that then collapse 
violently during the subsequent compression wave. Collapsing bubbles next to the 
substrate surface are subjected to micro jetting, which can remove any impurities on 
the surface [108].  
 
2.2.4 ATMA semi-automatic printer utilized in the screen printing  
Samples were screen printed by employing an ATMA semi-automatic printer (Figure 
2.2), which was located in the SPECIFIC class 10,000 cleanroom in Baglan (Swansea 
University). A 250 mm × 200 mm screen was used containing 110 threads/cm 
tensioned to 25 N/cm. The screen pattern was designed to enable three measurements 
of line resistance, sheet resistance and contact resistance to be obtained (Figure 2.2). 
The printer was set up for every trial with the parameters presented in Table 2.2. 
 
Table 2.2 The print setting 
Squeegee angle 70o 
Squeegee speed (mm/sec) 220  
Flowcoat speed (mm/sec) 220 




First, 50 g of the ink was placed on the screen, with this quantity being able to print 
around 50 samples. Each print was visually inspected to monitor the uniformity of the 
process. No variation in the prints could be observed within each printing session. 
 
The resulting sample prints were dried for 30 min under normal air conditions at 60oC 
in a 3 m Thieme forced air dryer operating at a belt speed of 0.2 m/min, giving a total 
residence time of 15 m. This dried the printed film through the removal of the solvent 
from the ink without reaching a temperature where nano-copper protective shells 




Figure 2.2 (a) ATMA AT-25PA/AT-45PA Digital Electric 
Flat Screen Printer, (b) mesh and ink setting  
 
Each ink was screen printed using an image (Figure 2.3) that consisted of areas which 
allowed for characterization of fine lined (300 µm–600 µm wide) resistance, sheet 





Figure 2.3 Screen pattern design 
 
2.3 Sintering method and equipment  
Samples were sintered by employing equipment with a variety of atmospheres. The 
thermal sintering using the controlled atmosphere oven was operating with three 
atmospheres: nitrogen, formic acid, and 5%H2/95%N2. Photonic sintering by means 
of broad white light, laser and near infrared (NIR) sintering were also carried out.  
 
2.3.1 Thermal sintering using controlled atmosphere oven 
A Lenton model CSC 12/90/600H tube furnace, which can be sealed at either end and 
filled with the sintering atmosphere of choice, was used (Figure 2.4). The range of 
temperatures that can be applied using this oven is 45°C–900°C. The tube had an 
internal diameter of 75 mm and a length of 1050 mm, giving an internal volume of 46 
mm3. The thermal sintering in the controlled atmosphere oven employed three 
atmospheres (N2, N2 travelling through formic acid, and a mix of 5% H2/95% N2). 
Samples were sintered at temperatures of 175°C, 200°C, 225°C, 250°C and 275°C 












Figure 2.4 Controlled atmosphere oven 
 
The controlled atmosphere oven was designed to allow only one gas environment 
through at a time. Three samples were sintered in each run, and all the experiments 
started at room temperature and then gradually increased to the required temperature. 
The gas flow rate was 4 L/min, which results in a complete theoretical change of gas 
within the oven every 4.5 min. 
 
The relevant gas flow came from N2 and H2/N2 premixed cylinders and was started 
prior to the temperature ramp, which took approximately 5 min to reach 200°C. In the 
case of formic acid-induced reducing conditions, N2 had initially flowed through the 
oven before a switch at 200°C, where the temperature had reached a sufficient level 
to begin formic acid thermal decomposition. Each sample was, therefore, not subjected 
to any oxidative atmosphere at temperatures above room temperature. 
 
A 3–4 h wait was applied between each sintering condition to allow the oven to cool 
down. After sintering, samples were placed in a safe place and left to cool down to 






2.3.2 Broad-spectrum white light photonic sintering 
The broad-spectrum white light sintering employed the PulseForge 1200 photonic 
curing system supplied by NovaCentrix. The PulseForge 1200 was developed 
commercially to provide a configurable laboratory tool that could be used within a 
research environment to investigate and optimize photonic sintering such that 
substrate/ink combinations can be rapidly established. The lamps utilized in 
PulseForge 1200 can process a wide area at the same time without burning or affecting 
the substrate, and can deliver significant energy to the surface of the application that 
is sufficient to sinter metal ink [109] [110]. The generation of light energy depends on 
the size of the capacitors and the voltage applied to the capacitor. By connecting the 
capacitor to a voltage source, the two plates will develop equal and opposite charge. 
If the capacitor is then connected across the lamps, all the extra electrons in the 
negatively charged plate will travel to the positively charged plate through those 
lamps, which is called discharge [111]. The applied voltage is the primary control 
parameter that then dictates the resulting energy, as charging the capacitor to a higher 
voltage will cause a longer lighting pulse when the capacitor discharges. Therefore, 
the pulse length is in a positive relationship with the voltage applied [112]. The number 
of the pulses can be considered as the second control parameter to dictate the energy, 
and multiple light pulses can be applied, with the total energy output of each pulse 
being determined by the voltage and duration time employed. 
 
 
Figure 2.5 (a) Photograph of the PulseForge 1200, (b) schematic  
 
The fast processing and the delivered energy on the substrate allow the sintering of 
copper inks (100N, 50N50M, 20N80M) as a low-cost alternative to silver material 




thick deposited metal film is heated by employing pulsed light from a flash lamp. 
However, the exposure time is minimal (~1ms), which leads to a sintering process 
without heating the substrate [113]. Each sample was placed in the middle of the 
sintering bed (approximately 250 × 250 cm) so that the illumination was constant each 
time. The charging of the capacitor and the cooling of the bed meant that samples were 
sintered at intervals of around 3 min. Given the variety of settings in the software 
control, an initial trial and error approach was adopted to find a starting point for a 
systematic study.  
 
2.3.3 Laser curing system 
A Rofin power line E 1064 nm laser (Figure 2.6) was employed to investigate laser 
sintering. It could be operated at frequencies of 10 kHz–5000 kHz and total power 
outputs of 10 W–40 W. The laser was mounted on the coil line in the SPECFIC pilot 
line in Baglan and was designed to laser mark over a 300 mm wide substrate passing 
under the beam. The beam initially passes through an expander to reach a beam 
diameter of 50 μm. It is then reflected onto the substrate over a distance of 
approximately 2 m by a mirror, of which the angle is varied automatically by the 
software to allow the beam to scan over the surface. The overall scanning area is 200 
mm × 300 mm, and each 50 mm × 50 mm sample was placed in the middle of this 
area such that beam intensity due to non-normal targeting was minimized.  
 
 
Figure 2.6 Rofin laser system 
 
The laser system comes with Visual Laser Marker, which allows the required setting 





The laser produced a direct conversion of electrical current into laser radiation, as the 
laser emitters are aligned by a diode laser bar. In simple terms, a laser-generated laser 
diode consists of a tube filled with atoms that called overactive medium. When the 
energy is applied to these atoms, they will move to the active state, and with the 
reflections, the mirror is placed at the ends of the tube to confine the photons to the 
tunnel, as one of the mirrors is made reflectance. The other mirror is made slightly 
transparent to allow part of the laser to escape [114]. 
 
2.3.4 NIR sintering 
NIR sintering can be considered as a photonic sintering process. The ink was sintered 
by NIR irradiation at room temperature and in ambient conditions. The NIR system 
(HERAEUS), which was supplied by Thermal Processing GmbH, consists of six twin 
tube NIR lamps (Figure 2.7), a power controller, and an air-cooling module (Heraeus 
Co. Ltd). The maximum electrical power density of the system is 250 kW m2. In this 
study, a minimum sintering time of 20 s was set up, as a stable time was needed for 
NIR light irradiation. The samples were placed at a distance of 50 cm from the lamps. 
The applied power and on-time were adjusted to change the sintering conditions, and 









2.4 Measurement and characterization equipment 
Measurement and characterization equipment is used to define the specific material 
characteristics of the obtained samples. To be able to better interpret the results, the 
measurements require specialized equipment for surface and bulk investigation. The 
equipment used is discussed in the following sections. 
 
2.4.1 Brookfield rheometer  
Rotational viscometers were utilized for measuring the ink viscosity. Viscosity is the 
material’s resistance to flow and considered a primary property, as the material’s flow 
has a significant impact on the printing process [115]. The cone-and-plate geometry 
was used in this device, measuring the gap between the rotating surface and sample 
plate and the spindle. Thus, shear rate and shear stress values can be calculated by 
applying Equation 2.1, Equation 2.2 and Equation 2.3. Figure 2.8 illustrates the 


















 Viscosity (mPa*s) = 






𝜏 = % 𝐹𝑢𝑙𝑙 𝑆𝑐𝑎𝑙𝑒 𝑇𝑜𝑟𝑞𝑢𝑒(𝑑𝑦𝑛𝑒 − 𝑐𝑚) 
𝑟 = 𝐶𝑜𝑛𝑒 𝑅𝑎𝑑𝑖𝑢𝑠(𝑐𝑚) 
𝜔 = 𝐶𝑜𝑛𝑒 𝑠𝑝𝑒𝑒𝑑(𝑟𝑎𝑑/𝑠𝑒𝑐) 












Figure 2.8 (a) Schematic, (b) photograph of the Brookfield rheometer 
 
2.4.2 Thermogravimetric analyser (TGA)  
TGA is a technique used to characterize material by measuring the mass change as a 
function of temperature or time [117]. The factors that can be measured by TGA 
(Figure 2.9) are the composition, purity, decomposition reaction, absorbed moisture 
contents, and decomposition temperature. 
 
TGA measures the mass of the sample as it is heated in a defined atmosphere. When 
the reactants are heated, they produce some products and gas, and the type of change 
applied to the test material involves a loss in mass or weight. The loss is attributed to 
the gas, which is obtained by decomposition of reactants [118]. Afterwards, a typical 
mass loss curve resulted. The curve with Y mass loss and X temperature or time shows 
the loss of any volatile components, such as moisture and solvent. The subsequent 






Figure 2.9 (a) Photograph of the TGA, (b) schematic  
 
The samples and the sintering plan help to identify the approximate temperature of the 
material’s transition. A scan was carried out at 25°C per min, beginning and ending at 
350°C below and above the transition of interest of the materials. The scan was 
reviewed to adjust the beginning and ending temperatures accordingly. 
 
2.4.3 Colour spectrophotometer  
The colour of the samples was examined using a SP64 Sphere spectrophotometer 
operating with an integrating sphere. The measured colour was analysed using the 
CIE-L*a*b* system, which is a colour space defined by the International Commission 
on Illumination (CIE). The colour is expressed as three numerical values (L* for the 
lightness, a* for the green-red components, and b* for the blue-yellow components). 
The CIE-L*a*b* system was designed to be perceptually uniform concerning human 
colour vision, meaning that the same amount of numerical changes in these values 
corresponds to about the same amount of visually perceived change [119]. The total 
difference in colour (ΔE) can be identified using Equation 2.4. 
 
∆𝐸∗𝑎𝑏 = √(𝐿2 − 𝐿1 )2 +  (𝑎2 − 𝑎1 )2 +  (𝑏2 − 𝑏1 )2 …Eq. 
2.4 
 





2.4.4 Line resistance characterization 
The resistance measurement of the printed structures was carried out using a Megger 
MIT 330-EN. The Megger MIT (Figure 2.10) performs a basic resistance 
measurement test with accuracy of +/− 3%. 
 
 
Figure 2.10 Megger MIT 330 
 
The Megger MIT 330 was utilized in the measurement of the line resistance and the 
transmission line measurement (TLM). The line resistance can be explained as the 
current flowing through the printed line film is like a fluid flowing through a pipe, and 
the voltage drop across the film is like the pressure drop that pushes the fluid through 
the pipeline. Therefore, the resistance of a conductive line depends on its shape and 
the material of which it is composed [120] [121] [122]. The copper line was printed in 
a rectangle shape (Figure 2.11). The absolute line resistivity was also calculated after 
measuring the film thickness by employing a Taylor Hobson S-28 profilometer, 
following which the resistivity can be analysed using Equation 2.5 and Equation 2.6. 
 





















Figure 2.11 Printed line diagram 
 
TLM is a technique employed to determine the contact resistance between the printed 
thin film and the FTO substrate. This measurement requires printing a series of metal 
film contacts separated by various distances (1 cm– 5 cm). Probes of the multi-meter 
are applied to pairs of film contacts, and the resistance between them is measured by 
using a voltage across the contacts and measuring the resulting current [123]. The 
contact resistance refers to the total resistance contribution of the printed film, which 
can be attributed to the contacting interfaces of the FTO glass surface and connections 
as opposed to the copper film resistance. The measurement was carried out on each 
printed contact; the resistance was obtained from the slope of the curve in Figure 2.13. 







Figure 2.12 Plot to extract transfer length from the TLM method 
 
The TLM printed pattern was disconnected from the other part of the substrate by 
applying a high-power laser (40 W with 100 kHz) before measuring the resistance 
between two grids, as illustrated in Figure 2.12. The contact resistance was obtained 
from the plot in Figure 2.13 using the extracted transfer length (LT). The sheet 
resistance (Rs) contact resistance (Rc) and width of the contact pattern W for the total 




Figure 2.13: Plot to extract transfer length from the TLM method 
 
 
𝑅𝑇 =  2𝑅𝐶 + (
𝑅𝑆
𝑊
) 𝑑 …Eq. 2.7 
 
where  
Rs = sheet resistance  
Rc = contact resistance  




2.4.5 Four-point sheet resistance measurement  
A Jandel CYL-RM3000 Four Point Probe was employed to obtain the printed film 
sheet resistance using a four-point probe measurement. The four-point probe 
measurement needs a specific geometric shape of the printed film, and that was 
planned on the screen mesh design to obtain a square shape of the film to enable this 
measurement. Describing the measurement principle for the four-point probe method 
as four pins with the distance of the same space (Figure 2.14) are applied to the surface 
of a sample, with the current flowing through the two outer pins [124]. When the 
difference in potential between the two inner probe pins is measured, the sheet 











 4.5324[Ω. 𝑠𝑞] 
…Eq. 2.8 
where 
ΔV = the change in voltage measured between the inner probes 
I = current through the outer probes  
Rs = sheet resistance (Ω/sq)  
units Ω/sq, or ‘ohms per square’, to differentiate it from bulk resistance. 
 
The RM3000 supplies constant currents between 10 mA and 99.99 mA and measures 
sheet resistance. The quoted range is from 1 milliohm-per-square (10−3) to 5 × 108 
ohms-per-square with 0.3% accuracy. The method in Figure 2.14 can be applied to 
obtain a sheet resistance measurement from the screen-printed sample. 
 
 





2.4.6 Film stability test  
The stability test of the printed film was carried out using the Megger MIT 330 by 
measuring the line resistance of 600 um every 7 days for four measurements. The 
reason for conducting the test was to investigate the lifetime of the printed copper 
printed structures. The samples were stored in a sealed plastic container and left in a 
laboratory cupboard unit in an air-conditioned laboratory. Ambient conditions in the 
laboratory were 20°C +/− 1°C and RH of 60% +/− 20%. 
 
2.4.7 Crosscut adhesion test (TQC) 
The TQC test kit was used in this test to measure the adhesion. It is a stainless steel 
measuring tool that features a 1 mm, 1.5 mm, 2 mm and 3 mm crosscut adhesion test. 
The 1 mm crosscut was utilized in this study by employing fibre reinforced tape. The 
adhesion test methods include procedures for assessing the adhesion of the printed 
films to FTO substrates by applying and removing pressure-sensitive tape over cuts 
made in the film (Figure 2.15). A lattice pattern with six cuts in each direction is made 
in the film to the substrate, the pressure-sensitive tape is applied over the lattice and 
then removed, and adhesion is evaluated by comparison with descriptions and 










Figure 2.16 Classification of adhesion test (tape after the test) 
 
2.4.8 Scanning Electronic Microscope (SEM)  
An SEM was used as a surface examination method, as it enabled higher-resolution 
imagery than that obtained via optical means [125]. The main components of the 
microscope are (i) column for electrons beam generation, (ii) specimen chamber, (iii) 
vacuum pump and a control panel with a monitor. In the column to generate electrons, 
a V shape tungsten wire, also called a thermionic cathode, by applying electric current. 
It emits electrons into the vacuum, below the cathode a metallic disk with a central 
borehole installed called anode [126]. The anode is connected to a positive pole with 
a high-voltage source, and the thermionic cathode is connected to a negative pole. The 
strong electric field between the anode and the cathode accelerates the electrons 
downward. These electrons are called the primary electrons, the generated electrons 
that hit the specimen and the stage focused on the specimen surface by an 
electromagnetic lens located below the anode. Subsequently, the primary electrons 
remove electrons from the sample material; these removed electrons are called 
secondary electrons. In this stage, additional components are necessary, including 
electromagnetic deflection, raster scan generator, secondary electrons (SE) detector, 
and control panel with monitor [125]. The basic principle of an SEM is to detect the 
secondary electrons and use them to build up an image of the surface. To increase the 
number of detected electrons, a positively Boise grid is placed in front of the detector. 
The grid attracts the secondary electrons and leads them to the SE detector, and this is 
the way to generate a magnified image of the sample by recording the number of 
secondary electrons on the SE detector. Then the signal is amplified and displayed as 
a dot on the screen. After moving the electron beam to the next point on the sample, 




bright image point, few lead to a grey image point, and none lead to a black point. 
Many image points are used in the scan to provide a natural-looking image of the 
specimen surface, and they can be seen on the monitor [127] [107].  
 
Samples were examined with the SEM using several magnification options (100 times 
to 50,000 times) to show the best image of the substrate surface. After screen printing 
and a variety of sintering processes of the copper deposited on the surface, there was 
significant conductivity of the material, which then enabled the SEM analysis. 
 
 
Figure 2.17 JEOL JSM-7800F SEM [128] 
 
The images were taken at a magnification between 100 and 50,000 times on a JEOL 
JSM-7800 F SEM at the Bay campus in Swansea. The theoretical resolution of JEOL 
SEM is 0.8 nm at 15 kV. Therefore, it was likely that images could be taken for a 
nano-particle size of 30 nm–80 nm. The grain structure size was graded as small 
indicates nano-particles a sintered (e.g. smooth surface). In contrast, large means a 
micro-particle that is less sintered, and the extreme change in surface morphology is 
induced by over-sintering. An extra electrons X-ray detector operating at a 10 kV 
acceleration voltage can be used in this device to enable the energy dispersive X-ray 




2.4.9 X-ray Diffraction (XRD)  
The Bruker D8 model was used to carry out XRD to examine the crystal strictures or 
thin-film materials. The minimum crystallite size is 20 nm, for which a diffraction 
pattern can be collected by Bruker D8 XRD. The principle of operations is reliant on 
the production of X-rays in a vacuum tube [129] [130] [131]. Electrons created by 
passing current through a tungsten filament are accelerated and X-rays upon the 
electrons’ impact with a copper target. The X-rays are targeted towards the sample, 
and their subsequent diffraction angle is measured by a detector (Figure 2.18). 
 
 
Figure 2.18 XRD diagram 
 
 
X-ray has an angle theta reflected from the internal crystal separated by a specific 




and these crystals are located at random angles. Some of these crystals are oriented so 
that the X-ray beam, crystal and detector satisfy the Bragg equation. 
 
n λ =  2 d sin θ …Eq. 2.9 
 
where λ is the wavelength of the radiation employed; d is the inter-planar spacing 
involved, or the distance between the crystals; θ is the angle between the incident or 
diffracted ray and the relevant crystal planes; and n is an integer, referred to as the 
order of diffraction. This causes a signal spike at a specific detector angle and having 
an adequate number of crystals to have an even distribution at all possible crystal’s 
orientation. During the scan, the detector rotates over a range of angles and detects the 
























2.5 Error Estimation  
As with any process of manufacturing printed circuits and their characterization, there 
is a risk of possible errors linked to creation of the samples and their measurement. 
These can be split into those sources of variability which are present in the preparation 
of the samples and those which can be associated with measurement and 
characterization process. 
 
Sample process variability is difficult to estimate and can be minimized by the 
adoption of best practice. The best practice developed during the initial stages of the 
experimental plan and the mitigation used to minimize the variability are summarized 
in Appendix A.  Variability associated with the inherent accuracy of the 
characterization techniques was first examined by the selection of the correct 




2.6 Summary   
Chapter 2 has introduced the key sample manufacturing, sintering and characterization 
process, which were employed in the investigation described in this thesis. This has 
been carried out with the intention that the experimental procedure could be repeated 
if the same materials and equipment were available. Having described the processing 
and characterization process, the next chapter investigates the thermal sintering of the 




Chapter 3: Thermal sintering 
Introduction 
The chapter introduces the results obtained by employing a reducing atmosphere 
during the thermal sintering process. A material characterization study was also 
carried out and presented in this chapter on wet and dry material to build a foundation 
sintering plan to be applied thermally according to the material’s behaviour. 
Specifically, this chapter aimed to identify and understand the relationship and 
interactions between the final electrical performance of the printed film and the copper 
ink characteristics, sintering time, sintering temperature, and the atmosphere required 
for sintering. 
 
3.1 Materials Characterization of the wet ink 
Characteristics of the materials of the ink employed in terms of TGA and Brookfield. 
Rheology and the material composition ratio were measured using the methodology 
described in chapter 2.  
3.1.1 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) was employed to investigate the thermal 
behaviour of the materials utilized by measuring the mass loss and investigating 
thermal stability. The operating conditions were a heating rate of 10 °C/min and 
nitrogen atmosphere with a gas flow of 20 mL/min. The inks were investigated over a 
25°C to 350°C temperature range. 
 
 























Figure 3. 2 Rate of Change of mass loss 
 
Figure 3.1 and 3.2 show the thermal behaviour for the three materials utilized in this 
study. The mass loss occurs with the higher temperatures applied, at the range between 
75°C - 200°C. The mass loss significantly achieved with 50N50M ink material. The 
greatest mass change was highly noticeable between the 20N80M and 50N50M, which 
could refer to a different chemical content such as the solvent amount and the particles 
size. However, the weight loss different started to increase at 95°C and above and this 
temperature assuming where no water or solvent left in the material what could be 
then attributed to a different amount of solvent utilizes on these materials. The solvent 
provides a stable suspension of the copper nano-particles, the higher solvent content 
in the 50N50M as shown by the TGA results in Figure 3.1 means that the solvent fills 
the inter-particle voids and is then lost during temperature raised. Another possible 
hypothesis is that it is a limitation of film compaction during drying due to collisions 
between the larger copper particles. The test also showed a slight deviation between 
both 100N and 50N50M materials in the structure, as the mass loss was very similar 
at all temperature. Overall, all three inks exhibit similar thermal behaviour where there 
is a gradual reduction in mass at low temperature between 25-75°C due to the solvent 
evaporation, with a rapid decrease in the mass as the rate of solvent loss increases as 














































Table 3. 1 Copper ink characteristics 
 
100N 50N50M 20N80M 
Particulate  Nano  Micro/nano Micro/nano 
Micro: nano particle ratio  Nano only   50/50 80/20 
Primary solvent BP (°Ϲ) 117 136 136 
 
 
3.1.2: The Viscosity measurement by Rheometer   
All three materials show similar rheological behaviour with near rest viscosities in 
excess of 100 Pas, followed by shear thinning behaviour towards a shear-thinning 
plateau approaching 30 Pas, Figure 3.3. As these are typical of screen printing inks 
[133], [134], and their similarity in the rheological profiles would suggest that any 













3.2: Material characterization of the dry, un-sintered film 
Characteristics of the dry, un-sintered film employed in terms of the colour 
spectrophotometer, particle size distribution, (from SEM of the solid film). The colour 
difference was also tested and presented on employing spectrophotometer and optical 
microscope for visual optimization. Figure 3.4 shows the samples of the three 
materials after printing and drying.  
 
3.2.1 Visual characteristics 
The printed lines are straight at the edged and do not show any edge marking, which 
can be a common defect in screen printed lines, Figure 2.3. Each line is rendered well, 
and thus the assumption that there is little change in the print quality as a result of the 
minor rheological difference in the ink is valid. Each material is matt in colour and the 
microparticle inks have a brownish colour, Figure 3.4.  
 
   
100N 50N50M 20N80M 
Figure 3. 4 (10X) Dry screen-printed inks at 80°C for 30 minutes 
3.2.2: Spectrophotometer colour analysis 
Table 3.2 shows the Lab values using the methodology described in chapter 2, after 
drying for 30 minutes at 80°C. The colour difference (E) between the 50N50M and 
20N80M materials was relatively small at 6.6 while the 20N80M and 100N were 25.5 
which reflects the impact of the nano-particles on the visual appearance which leads 
to a lighter and yellower printed film. 
  
Table 3. 2 (L*a*b* absolute Colour) 
 Ink L a b 
100N 41.4 19.63 34.23 
50N50M 33.74 8.50 8.11 




3.2.3: SEM structure examination 
The dry materials were investigated using the SEM 10,000 magnification which 
showed a significant structure different. The SEM allowed a visual identifying of the 
ratio of the copper nano or micro-particles have been utilized in the preparation of 




Figure 3. 5  identifying the difference between nano and micro-particles 
 
The un-sintered 100N film is made entirely from nano-particles, Figure 3.6 (a), with 
size distribution from around 20 nm to 200 nm. Each particle is spherical and distinct 
from its neighbours, indicating that no sintering has occurred during the drying 
process. There are voids present in the structure which it is hypothesized are created 
when particles coalesce as the film contracts during the drying process leading to voids 
in the packing. Both 50N50M and 20N80M have a similar appearance, illustrate that 
both materials were a mixture of nano and micro-particles Figure 3.6 (b) and (c). As 
expected, there is a higher percentage of micro-particles in 20N80M ink than 
50N50M. In the dried film, the spherical nano-particles lie on the micro particles but 
are not melded to the micro particles and remain as distinct nano-particles. The micro 
particles are of the order of 3 – 5μm size and are irregular in shape. The edges and 
surface of the micro particles are smooth, and there are significant voids between the 






















3.2.4: X-ray diffraction measurement (XRD) 
X-ray diffraction was employed to examine the structural and compositional 
properties of the printed ink materials, depending on the crystal growth of the copper 
grain structures [82], [135], [136]. Examination of the printed copper film shows that 
diffraction peaks with intensities appear at angles corresponding 2Ɵ 111,200 and 220, 
this means the copper is present with copper (I) oxide, Figure 3.7. 
 
Figure 3. 7 XRD samples dried for 30 minutes at 80°C 
 
The first peak 111 illustrated the Cu2O suggests that the oxidation of copper particles 
when inks have been dried in air. The second peak of 200 is the copper material. The 
Cu2O layer microstructure of the material dried under ambient condition was carried 
out to confirm the potential case of copper oxidation, which were confirmed with all 
materials (100N, 50N50M and 20N80M) 
 
3.3: Thermal sintering under the ambient condition 
As a control, thermal sintering was applied to thermally sinter the printed copper 
without any inert or reducing atmosphere. This application will allow an 
understanding of the role of any oxygen present in the atmosphere. All samples were 
thermally sintered for 60 mins at 200°C in the oven without gas control. Three inks 
sintered with a significant change in surface colour, Figure 3.8. The dark grey 




sample with the formation of copper oxide. There is a less radical change in observable 
colour for the 20N80M and 50N50M as more micro-content in this ink, which is likely 
to be related to the lower highly reactive nano-particle content. 
 
 
100N       50N50M 20N80M 
Figure 3. 8 Thermally Sintered samples for 60 mins at 200 °C in the oven 
 
 
3.3.1: Resistance measurement (film conductivity)  
No conductivity could be measured from the sintered samples, and this high resistance 
confirmed the possibility of quickly oxidation materials caused by the absence of a 
reducing atmosphere [137], [138], [56]. The temperature applied plays the primary 
role in the oxidation reaction as higher temperature introduce higher energy which 
leads to a faster oxidation reaction [35]. 
 
3.3.2 SEM sintering under ambient condition 
The thermally sintered samples were investigated using the SEM with applied 
magnification (15000 X). A severe structure difference resulted with all materials, 
which also explains the low conductivity obtained. Both 100N and 50N50M have 
similar SEM images which illustrated that both materials contain a high ratio of nano-
particles Figure 3.9 (a,b). On the contrary of ink 20N80M which show high oxidization 






















3.3.3: (EDS) examination sintering under the ambient condition 
The EDS of the examined printed materials displayed 100N ink in Figure 3.10, 
50N50M ink in Figure 3.11 and 20N80M ink in Figure 3.12. 
 
  
EDS: 100N ink sintered under ambient condition 103.  ureFig 
  
EDS: 50N50M ink sintered under ambient condition 113.  ureFig 
  
Figure 3. 12 EDS: 20N80M ink sintered under ambient condition 
All materials show an oxidation behaviour when sintered under the absence of a 
reducing atmosphere. The highest oxidation percentage resulted with ink 20N80M 
which was (20.6 oxide to 79.4 copper) attributed to the high percentage of micro 
particles in this ink; this also can be seen and supported by the SEM images.  Larger 




Although an initial oxide shell covers each particle, reaction or oxidation then is 
controlled by diffusion of oxygen and copper towards each other through the growing 
oxide shell. The larger oxide shell provided with the micro-particles ink leads to larger 
oxidisation area in the absence of reducing atmosphere which makes the oxidation 
possibility higher than nano-particles which introduce a smaller oxide shell area [139].   
 
3.3.4 (XRD) examination sintering under the ambient condition 
X-ray diffraction for the examined all printed materials represented in Figure 3.13 
shows that diffraction peaks with a weak intensity appear at angles corresponding 2Ɵ 
111,200 and 220 for 100N ink, this means the copper (I) oxide resulted [140].  The 
XRD results of the nano-micro inks also displayed in Figure 3.13 showed a slight peak 
at all angles, and this means these materials were severely affected by the absence of 
reducing atmosphere. Overall, the XRD profile when the sample is sintered without 
the reducing atmosphere presence show an increase in the relative Cu2O peak, and it 
was nearly at the strength of the Cu peak. The weak growth of the particles has a non-
discriminatory growth and agglomerated along the (111) and (200) direction with 
nano-micro material. Therefore, the peak and the quantity are related to structure 
factor and volume.  Explanation in simple terms of the XRD results as intensity peaks 
were more substantial with 100N ink. 
 




3.3.5 Summary  
The results have clearly illustrated that the sintering of copper inks under ambient gas 
conditions leads to significant oxidation, even at the lowest temperature. Thus, a 
reducing or inert atmosphere must be utilized. 
 
3.4 Thermal sintering under controlled oven atmosphere 
The main challenge with using copper nano-particles is the oxidation during sintering, 
as nano or micro-copper is readily oxidized at temperatures over 130 °C, which leads 
to a poor conductivity [141], [142], [143]. Consequently, the sintering under inert / 
reducing atmospheres employed in this study using the oven with a nitrogen condition, 
formic acid condition and of mixed 5% hydrogen and 95% nitrogen was investigated.  
 
The effect of applying individually nitrogen, formic acid and H2/N2 atmosphere during 
the sintering process on the copper films was examined over a temperature range (175-
275°C) and periods between 30 and 120 minutes in 30-minute intervals. This 
represents a sizeable full factorial of experimental conditions and represents a 
significant experimental undertaking. As the results will indicate, this methodology 
was vindicated due to the complex interactions between the material and the sintering 
conditions with the optimum sintering for each material being a function of time, 
temperature, and atmosphere. 
 
3.4.1: Resistance measurement (film conductivity) under controlled atmosphere 
The thermal response of each material is significantly different and is also a function 
of the sintering environment. In comparing the line resistance of a nominally 600 µm 
width line, the 100N nano-particle ink continuously produces the lowest line 
resistance, Figure 3.15 (a-c), and is relatively insensitive to the sintering temperature 
in the 175 °C – 225 °C range and extended exposure time. Above 225 °C, extending 
the sintering time has a detrimental effect on the conductivity of the material with 
incremental increases in resistance with longer sintering time. Both the inks containing 
micro particles exhibit higher initial resistances than the nano-particle ink, Figure 3.15 
(d-f) & Figure 3.15 (g-i). In contrast to the 100N ink, increasing sintering temperature 
reduces the resistance in each case. There is a more complex interaction between the 




It is possible to sinter all three inks in a nitrogen environment. Still, the resistance of 
the printed line is reduced for those produced in a reducing atmosphere is more 
consistent and controlled. Above 250 °C and 90 minutes, there was significant 
decolouration of the substrate as the high-temperature acidic vapour (which had not 
thermally decomposed to CO and H2O) reacted with the FTO coating (causing 
yellowing of the substrate), which resulted in delamination of the printed film. With 
the reducing atmosphere produced by the 5% H2/N2, the absolute values of the 
conductivity are comparable with that produced by the formic acid-reducing 
atmosphere. However, the high-temperature sintering does not have such a detrimental 
effect on the FTO substrate. 
There is a substantial increase in resistance with 100N at temperatures above 225°C. 
Possible reasons for this include oxidation from organic compounds in the film as the 
binder is burned off, Figure 3.14. Possible used binders in these materials are acrylic 
and epoxy, which contain oxygen in their structure. Stress cracking between the nano-
particle film as the metallic film expands at a differential rate to the underlying glass 
substrate. Of the two hypotheses, oxidation is thought to be the most likely scenario 
since the effect is less pronounced under reducing atmosphere. Under inert conditions, 
there is nothing to counteract the localized oxidative atmosphere caused by the binder 
burn off or the other additives such as capping agents [144]. The solvent evaporation 
can cause another localized oxidative. The possible solvents used in these inks are 
Trepineol, methoxy-2-propanol and Diproylene Glycol.   
 
 
Figure 3. 14 Copper Nanoparticles in the Presence of Capping Agents in 





   
(a) 100N - N2 (b) 100N - Formic acid (c) 100N -5% H2/N2 
   
(d) 50N50M - N2 (e) 50N50M - Formic acid (f) 50N50M -5% H2/N2 
   
(g) 20N80M - N2 (h) 20N80M - Formic acid (i) 20N80M -5% H2/N2 

























































































































































































3.4.2: Sheet resistance by 4-point probe under controlled atmosphere 
Similar behaviour to that observed with the line resistance is found with the film sheet 
resistance, Figure 3.16 (a-i). However, some differences are observed which have been 
attributed to the geometrical nature of the feature being printed.  For the 100N ink, 
below 225 °C, the sheet resistance is mostly independent of the sintering time but 
extended times at higher temperatures result in significant increases in resistance, 
Figure 3.16 (a-c). As with the line resistance, the negative impact of the higher 
temperatures is independent of the sintering atmosphere. Similar behaviour to the 
resistance of the printed line was observed at below 225 °C for the sheet resistance of 
the 50N50M and 20N80M nano / micro inks. Above 250 °C, there is an increase in 
the sheet resistance at all sintering times for the 50N50M ink and the sensitivity to 
temperature and residence time reduces progressively with the quality of the reducing 
atmosphere. For the 20N80M ink, there is a more complex interaction between the 
sintering time and temperature, Figure 3.16 (g-i). At low sintering times, it is 
advantageous to sinter at a higher temperature, while an extended sintering time is 
detrimental at the higher temperature. 
 
The lowest sheet resistance achieved is (0.904 mΩ/□) at 225°C sintered for 30 
minutes, which is also limited deference compared to the sheet resistance achieved 
with 250°C for 30 minutes (0.951 mΩ/□). These results are akin to the sheet resistance 
obtained under nitrogen condition at the same temperature. The highest was obtained 
with 275°C for 120 minutes (4.1 mΩ/□). For 50N50M ink -sheet resistance is higher 
than the sheet resistance resulted from 20N80M material. A significant enhancement 
on sheet resistance presented by formic acid atmosphere compares to the nitrogen 
condition. For the 20N80M ink, there is a more complex interaction between the 
sintering time and temperature, Fig. 3.16-g. At low sintering times, it is advantageous 
to sinter at a higher temperature, while an extended sintering time is detrimental at the 
higher temperature. The lowest sheet resistance achieved with 20N80M ink is (1.65 
mΩ/□) at 275°C sintered for 30 minutes, which is limited deference compared to the 
sheet resistance achieved with 225°C for 120 minutes (3.67 mΩ/□). The highest 





   
(a) 100N - N2 (b) 100N - Formic acid (c) 100N -5% H2/N2 
   
(d) 50N50M - N2 (e) 50N50M - Formic acid (f) 50N50M -5% H2/N2 
   
(g) 20N80M - N2 (h) 20N80M - Formic acid (i) 20N80M -5% H2/N2 




3.4. 3: TLM measurement of sintering under controlled atmosphere 
TLM measurement carried out measuring the contact resistance after the sintering 
process under reducing condition, the contact resistance is strongly affected by the 
sintering time in a nitrogen environment, but less so with lower temperature applied. 
 
The trends observed in sheet resistance are generally repeated with the contact 
resistance, Figure 3.17 with typical contact resistances of between 0.5 Ω and 12 Ω. 
The 120-minute sintering time has been omitted from the Figure as FTO / printed film 
damage was often observed, leading to delamination causing significant variation in 
the data. Similarly, the 100N at 275 °C have been omitted as failure film adhesion 
failure occurred. For the 100N material, minimum contact resistances are mostly 
unaffected by sintering temperatures above 200 °C. Still, they can suffer a detrimental 
effect if held at the highest temperature for a prolonged period, Figure 3.17 (a-c). 
Contact resistances for the micro/nano-particle inks are around 2 to 10 times that 
observed with the pure nano inks, Figure 3.17 (d-i). This difference is likely to be due 
to the reduced contact area interface associated with larger particles. For the 50N50M 
ink, there is a general reduction in the contact resistance as the temperature is increased 
under all sintering conditions with a lower sintering time also consistently producing 
the minimum contact resistance.  For the 20N80M ink, the contact resistance is 
strongly affected by the sintering time in a nitrogen environment, but less so under 
other reducing conditions. Under 5% H2/N2 reducing conditions, both the micro/nano 
blended materials exhibit the highest contact resistance. 
 
Although, at high temperature, the film begins to tarnish and this tarnishing lead to 
almost artificially high resistance, which then leads to an increase in the gradient of 
the line. The straight-line fit through only five points, it becomes more sensitive to one 
point which out or far from the others as the difference between point 1-5 is around 
125. As each point weighted, a negative intercept obtained shown in Figure 3.18, 








   
(a) 100N - N2 (b) 100N - Formic acid (c) 100N -5% H2/N2 
   
(d) 50N50M - N2 (e) 50N50M - Formic acid (f) 50N50M -5% H2/N2 
   
(g) 20N80M - N2 (h) 20N80M - Formic acid (i) 20N80M -5% H2/N2 






























































































































































275°C for 30 minutes Contact resistance under nitrogen atmosphere at 183.  ureFig 
 
 
3.4.4: Adhesion test after thermal sintering under controlled atmosphere  
Adhesion test results after sintering under nitrogen condition with respect to the 
different ratio of nano-micro particles materials are illustrated in Table 3.2.  
 
Table 3. 3 (Adhesion tape test result after thermal sintering) 
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250 
275  
4B 4B 5B 
2B 0B 2B 





4B 4B 5B 
4B 3B 5B 
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5B 4B 5B 

























The 100N ink showed a poor adhesion level, particularly at high sintering 
temperatures. Although the conductivity was improved by employing a nitrogen 
atmosphere sintering condition, this led to poor adhesion. This effect on adhesion may 
be because high sintering temperature [145] causes over sintering of printed materials 
which lead to damage on the bond between the nano-particles ink and the FTO 
substrate. The evaporation of the binder utilized in the ink preparation with high 
temperature applied during the sintering process increases the possibility of materials 
burning. For this reason, high sintering temperature applied on copper nano-micro -
ink (50N50M and 20N80M) films had higher resistivity and a better level of adhesion 
strength considering a different path the binder would take to evaporate with this ink 
[146]. The higher ratio of micro particles the ink contains led to a better adhesion 
performance, 5B at all sintering temperature.   
  
Blending nano-particles with micro particles can be advantageous in that it is likely to 
be due to the stronger bond associated with larger particles as less effected by the 
sintering environment. For the 50N50M ink, there is a general increase in the adhesion 
with all sintering temperature at shorter sintering time. For the 20N80M a 5B adhesion 
was obtained at all temperatures because of the higher ratio of micro particles. 
 
3.4.5: SEM examination sintering under controlled atmosphere 
Thermally sintered material with the presence of reducing atmosphere provided a 
significant enhancement in resistance. Also improved the uniform morphology 
throughout the whole printed line, SEM was employed to examine the surface of the 
sintered film, a considerable change in the colour and surface morphology were 
observed when reducing atmosphere applied at all temperatures. Figure 3.19 shows 
the SEM images of the sintered samples under the nitrogen atmosphere, which resulted 
in the lowest resistance (225 °C for 60 minutes).  A macroscopic examination of the 
printed lines shows an increase in porosity of the surface film with an increase in the 
number of surface voids. This increase in film porosity has a detrimental effect on 
conductivity. Closer inspection shows that the individual nano-particles have necked 






Dry only Nitrogen atmosphere 
  
  
Figure 3. 19  100N SEM of the dried and nitrogen sintered films 
 
The best surface morphology of the micro/nano blends (50N50M and 20N80M) 
achieved when sintered under nitrogen atmosphere at 275°C for 30 minutes, which 
produced the lowest film resistance sees less significant change due to the sintering 
process in nitrogen, Figure 3.20. Macroscopically at x 1000, then dried and sintered 
surfaces are similar in texture, although there is some evidence of enhanced 
smoothness after sintering, Figure 3.20 (a) and (c). At a higher magnification, there is 
only partial evidence of melting of the nano-particles on the surface of the micro 
particles. It is postulated that the necking initially occurs on the nano-particle. Still, 
the action of contact merging with the microparticle increases the effective particle 























3.4.5.1: SEM examination Formic acid sintering condition 
Thermally sintered films with the presence of formic acid also introduced a significant 
enhancement in uniform morphology throughout the whole printed line, Figure 3.21.   










Figure 3. 21 SEM images of the dry and formic acidsintered films 100N 
 
When sintered in formic acid, the individual nano-particles neck and merge to form a 
continuous globular network of particles, although voids remain present in the film, 
the necking of the individual particles resulted from the formic acid atmosphere has 
led to enhancement in conductivity by creating a significant current path. There is no 
immediate visual difference in the SEM images between the behaviour under a formic 




Figure 3.22 illustrates the SEM images of 50N50m and 20N80M sintered with the 
presence of formic acid atmosphere.   



























The SEM images displayed in Figure 3.22 represent the sintered samples at 275°C for 
30 minutes which results in the lowest film resistance. On a macroscopic scale, some 
changes in the surface smoothness are observed, Figure 3.22 (a) and (c).  As with the 
nitrogen atmosphere, there is some evidence of nano-particle necking into the larger 
particles, but each nano-particle remains as a distinct spherical particle. The necking 
between the nano and micro particles achieved will have led to some enhancement in 
conductivity by creating a significant current path. 
 
 
3.4.5.2: SEM examination H2/N2 sintering condition 
When H2/N2 condition applied, there is printed copper lines shows significant changes 
in the surface morphology compared to the dry only film, Figure 3.23.  
 
 







Figure 3. 23 SEM images of the dry and H2/N2 sintered films 100N 
 
The individual nano-particles exhibit melting and merge at the interface between the 




from sintered silver nano ink [147], [113]. This particle network allows efficient 
charge transfer through the film. There is some intrinsic porosity in the film which has 
formed as a result of necking of the particles and the removal of the binder between 
the particles.  
  
 
Figure 3.24 illustrates the SEM images of 50N50M and 20N80M with the H2/N2 
condition.  The 50M50 N ink exhibits a structure where individual nano-particles are 
bound intimately to the surface and between the micro particles, Fig. 3.24 a, but the 
nano-particles between the micro particles primarily remain as discrete spherical 
particles with minimal inter particle sintering. At the lowest nano-particle 
concentration, the nano-particles appear as discrete “nodules” which are bound to the 
micro particles which are in intimate contact with each other, Fig. 3.24 b. 
 


















3.4.6 X-ray diffraction (XRD) Thermal sintering  
X-ray diffraction was employed to examine the structural and compositional 
properties of the ink and also used to investigate the sintered films, depending on 
crystal growth of the copper grain structures [82]. X-ray diffraction for the examined 
printed copper film shows that diffraction peaks with strong intensities appear at 
corresponding 2Ɵ 111,200 and 220, this means the copper is formed with some 













Figure 3. 25 XRD comparison of each film for each ink in a dry, N2, 
Formic acid  and H2/N2 
 
The X-ray diffraction is displayed for the printed copper film using 100N ink with a 
comparison of each film for each ink in a dry, N2 100N ink sintered for 60 min at 200 
°C, Formic acid for 60 min at 200 °C and 5% H2/ N2 for 60 min at 200 °C. The nano-
micro ink sintered at 275°C for 30 minutes. These represent the best performing 
materials in terms of lowest resistance.  
XRD examination of dry printed copper films, Fig. 3.34a–c shows the three 
characteristic peaks at 43.2°, 50.3°, and 74.1° indicative of (111), (200), and (220), 
respectively. These characteristic peaks confirm that a face-centered cubic (FCC) 
copper phase is present. There is also evidence of the Cu2O phase at 36.6° which 
indicates that some oxidation has occurred during the drying process for all three inks 
[32]. When sintered for an hour in nitrogen environment, all materials are dominated 
by the presence of the Cu peaks, although in case the Cu2O peak remains. The XRD 
spectra for the formic acid environment provide similar spectra to the nitrogen 
sintering environment which suggests that the Cu2O which is present in the dried 
sample does not undergo significant reduction during the formic acid sintering 
process. When sintered under a 5% H2/N2 environment, the 100 N and 50N50 M 
material continue to contain Cu2O, but this is absent for microparticle dominated ink, 
20N80M Figure 3.25-c. This suggests that the reducing conditions are conducive to 




The XRD examinations show that the 20N80M sintered with H2/N2 are firmly formed 
copper peak with significant stability against oxidation Figure 3.34-c. These 
characteristic peaks supported by the SEM images confirmed the formation of Face-
cantered cubic(FCC), forming a copper phase with less copper oxide or any other 
impurities [16]. This suggests the particles have a preferential growth and 
agglomerated along the (111) and (200) direction. The XRD results as intensity peaks 
were more definite with using 100N, and this is a reflection of the higher nano-
particles content in this material. Diffraction is sensitive to the grain structure size of 
the material examined [140]. 
 
3.4.7: Stability test after Thermal sintering under reducing atmosphere 
Since oxidation is a source of changes in printed film resistance, samples were selected 
and measured immediately after sintering and then those samples were measured on a 
weekly basis when stored under a nominal environment of 21 °C +/- 1 °C, 60% RH 
+/10 %.  
In each instance, the sample sintered for 30 minutes was chosen as all samples were 
blemish free at this sintering time. For the 100N ink, there is a slight increase in 
resistance over time, and in each instance, this change is most considerable at lower 
sintering temperatures, Figures 3.26 (a)-(c).  Of the three materials, the 50N50M 
material exhibits the most significant ageing effect, Figures 3.26 (d)-(g). There is an 
initial rise in resistance over the first week, followed by smaller increments over 
subsequent weeks, and this behaviour is consistent for all sintering temperatures. For 
the 20N80M material exhibit minimal resistance increase throughout the 
measurement, inferring a very stable printed film, Figures 3.26 (h)-(j).   
 
These results bode well in terms of the longevity of the circuits during the 
manufacturing process and use. Still, it has the added benefit that the impact of any 
time delays between sample manufacture and characterization is limited. Thus, 




   
(a) 100N - N2 (b) 100N - Formic acid (c) 100N -5% H2/N2 
  
 
(e) 50N50M - N2 (f) 50N50M - Formic acid (g) 50N50M -5% H2/N2 
  
 
(h) 80N20M - N2 (i) 80N20M - Formic acid (j) 80N20M -5% H2/N2 
Figure 3. 26 Line resistance change over 4-week interval (labelled 1-4) for the three materials sintered at 30 minutes in each sintering environment.







































































































































































































 3.5: Summary 
This chapter introduced the impact of the thermal sintering environment on the quality 
of the screen-printed copper material studied. The overall benefit of sintering in a 
reducing atmosphere produced by formic acid compared to a nitrogen environment is 
minimal. Thus, given the relative ease by which a nitrogen environment can be 
achieved in a typical production environment, the more complex formic acid-reducing 
environment is not recommended. The optimum sintering conditions (for minimum 
sheet resistance) for each material with relative resistivity to copper at (ρ0=1.68 × 10
−8 
Ωm) are summarized in Table 3.3.  
 
Table 3. 4 Optimum conditions and resultant sheet resistance and relative resistivity 
Ωm) −8=1.68 × 100ρopper at for each ink and atmosphere (Relative resistivity to c 





















100N 0.74 7.3 60 225 0.89 6.3 60 225 0.49 5.8 60 225 
50N50M 3.99 28 30 250 4.16 15 30 250 2.34 12 30 250 
20N80M 1.99 29 30 275 1.65 19 30 275 1.61 16 30 275 
 
There is a clear and consistent benefit of using the more controlled reducing 
atmosphere produced by the 5% H2/ N2 mixture. As the proportion of micro particles 
increases, there is an increase in the sintering temperature required. Overall, the 
measured sheet resistance is between 2.2 to 8 times higher for the micro nano blends 
inks than that obtained pure nano material ink. In comparison to the base resistivity of 
copper, the lowest obtainable resistivity is around six times that of copper for the 100N 
ink. The micro-nano blended materials have a higher material resistivity, between 12 








3.6 Discussion   
The relatively poor performance of the 50N50M blend (highest sheet resistance, the 
largest ageing effect) suggests that there is an optimum blending ratio of nano/micro 
particles, which balances the performance benefit of each constituent. It is postulated 
that the presence of an excessive quantity of micro particles disrupts the natural 
sintering tendency of the nano-particles as they are rapidly bound to larger surface 
area micro particles, leaving them open to oxidation. Where the nano-particles form a 
major contributor to the continuous conductive (50N50M) pathways, this impairs 
charge transfer through the particles, Figure 3.27. At lower concentrations of nano-
particles, a conductive path is ensured through microparticle contact, and thus the 
impact of any nano-particle oxidation is minimized. Evidence for this hypothesis can 
be seen in the absolute conductivity and in the increase in resistance seen with ageing, 
suggesting that there are some nano-particles which are not fully sintered which are 
subject to oxidation. While the short-term stability of the copper inks has been shown 
to be right when sintered under the correct conditions, further work should examine 
more extended exposure periods under harsher thermal and moisture conditions which 
the conductive materials may be subjected during the lifetime of a product.   
 
Figure 3. 27 Charge transfer through the particles 
 
If printed copper lines were to be used to enhance the conductivity of a transparent 
surface (e.g. for charge extraction in PV) then it should be noted that the copper / FTO 
contact resistance is the same order of magnitude as the resistance of line 30 mm long 




form a significant portion of the overall resistance. This is in contrast to that observed 
when copper deposition via magnetron sputtering [149], which would with FTO and 
copper having work functions of 4.4 eV [150] and 4.7 eV suggesting relatively 
unhindered charge transfer, Figure 3.28. This tends to indicate that the actual contact 
area and contact chemistry is significantly more complicated when using a printed ink. 
It also implies that any models for enhancing charge transfer through the use of printed 
mesh must take into account the contact resistance. 
 
 




There is the significant interaction between the particles size distribution, the thermal 
sintering regime, the sintering environment used and the subsequent characteristics of 
the final film when conductive copper inks are sintered on FTO coated glass 
substrates. The lowest resistances can be obtained using the pure nano-copper ink, and 
they also offer the advantage of a lower sintering temperature but a longer sintering 
time to achieve the lowest sheet resistance. Blending nano-particles with micro 
particles can be disadvantageous in that it prevents full consolidation and sintering of 
the nano-particles, allowing them to be partially oxidized during the sintering stage. 
From the initial main results and sintering process comparison, future chapters 
investigated how employing a new mix-material and structure will affect the 







Chapter 4: Photonic sintering 
 
4.1: Introduction 
Pulsed light sintering is the fastest process that can be used to sinter copper ink. In 
addition to the fast sintering, it potentially sinters without causing any damage to the 
substrate and eliminates the need for reducing atmosphere to be employed [10]. The 
super-fast sintering process offers a means by which rapid conversion from discrete 
nano-micro particles to fully or partially sintered products. It has been shown to sinter 
silver  nano-inks in less than 1-second  achieving conductivities comparable to oven 
sintered materials [77].  
 
Photonic sintering has potential for copper sintering [6] [151] [152] with benefits of 
photonic sintering are near instant sinter, with sintering times of seconds instead of 
minutes allowing higher material throughput and productivity. Potentially lower 
power usage as energy is used to raise the temperature of the printed copper film only 
and not the substrate [18]. More details in chapter 1.2 the literature review. 
 
The literature, however, has not examined glass substrates, which have been coated 
with an FTO surface or a thick screen-printed film. The absorption of the FTO has the 
potential to act as an additional energy source at the boundaries of any feature. At the 
same time, the thick glass substrate provides an energy sink which may retard 
sintering. The thick film nature of the substrate provides an additional quantity of 
material which needs to be sintered and provides the other challenge of transferring 
the energy through the bulk to the core of the film. Thus, the study aimed to examine 
the feasibility of sintering a thick film of copper ink on an FTO glass substrate. The 
sintering operation range was identified by carrying an energy optimization study in 
4.2 section. 
 
4.2: Optimization the PulseForge Energy 
The generation of light energy depends on the size of the capacitors and the voltage 
applied to that capacitor [111], [153], [154]. An initial optimization study was carried 
out to identify an operational range of photonic energy profile. An initial investigation 
study was carried out to see if the photonic curing could be used to both dry and sinter 




minimal effect on the wet ink, even at its highest setting. The energy required to 
volatilize the solvent, the kinetic limitations of migration of the solvent through the 
wet ink to film surface were seen as mechanisms for this behaviour. Subsequently, all 
samples which was dried in the same manner as before the thermal sintering. 
 
With the dried ink, a strategy was employed to obtain the best possible effect of the 
flashlight which could lead to a good conductivity range by applying a different 
number of pulses with variety of voltage which then enabled the estimation of the 
maximum, and the minimum power applied. Through, the refined pulse width, power 
and spacing the nominal optimum conditions were established for the ink/substrate 
combination. A single pulse did not provide enough energy input to sinter and as such 
a 3-10 pulse strategy was adopted after several trials carried out and according to the 
machine safety operation supplied by the manufacturer. Figure 4.1 shows several 
examples of the relationship between the number of pulses or voltage applied to the 
results of energy. The ten pulses setting was the primary condition used on sintering 











3 Pulses  
Energy: 
5.63  J/cm2 





The applied voltage considered is the primary control parameter which then dictates 
the energy resulted, as charging the capacitor to a higher voltage will lead to a longer 
lighting pulse when the capacitor discharges [112]. The time of exposure for discharge 
is termed the envelope. The discharge characteristic follows an exponential decay and 
this discharge profile can be altered by timing the discharge to create pulses of light. 
The number of the pulses and the length of each (or duty cycle) can be considered as 
secondary control parameters to dictate the energy, applying higher number of pulses 
with the same voltage charge will lead to a shorter pulse [155]. 
 
 However, multi-light pulses can be applied with the total energy output of each pulse 
can be determined by the voltage and duration time employed. Table 4.1 and Figure 
4.2 illustrates a simulated pulse forge power output to be compared to the energy 
obtained on the optimization study by applying different voltage and number of pulses. 
This simulation was created to allow understanding of the control process and to allow 
some level of prediction of the likely impact of longer exposure times on the intensity. 
 
Given an initial power (derived from the applied voltage), an exponential fit was 
applied which estimate the power according to the time dependence of a physical 
quantity P is given by:  
𝑃 = 𝑃0𝑒
−𝛼𝑡                                                  Eq4.1 
 
where P0 is the initial amount at time t=0, and a is the growth rate 
 
By iterative modelling  was found to have a value of around 7.6×10-5 and this rate 
decay is the same, irrespective of the duty cycle; the charge being “dumped” internally 










Table 4. 1 Energy – simulated PulseForge data 
Envelope  15000 5300 
Number of pulses  10 3 
Duty Cycle % 85% 79% 
Section width 1500 1767 
Pulse width (μs) 1275 1396 










Figure 4. 2 Energy – simulated PulseForge data 
 
In practice the transition between the lamp in an “on” and “off” state is more gradual 
than that predicted by the model where transitions are sudden. This is associated with 
lamp heating and cooling time.  
 
As there were no literature available and no guidelines available for the sintering, a 
trial and error approach were initially required. During this period, samples were 
exposed, visually examined, measured, and stored with the measurements guiding the 
next combination of parameters which might produce improved performance (the 








































This trial and error approach were necessary, but also wasteful in the number of 
samples required. At each condition, the test was “destructive” in that even if the 
sample showed no visible sign of sintering, it would not be used as a test sample again. 
Typically, around 80 samples were required to focus in on a set of conditions which 
could be considered optimized. This issue limited the number of operational 
parameters which could be investigated thoroughly, particularly in light of the limited 
supply of copper ink. During the initial studies, it was found that a multi short pulse 
of energy has better performance that a long energy burst. This could be attributed to 
the mechanism which can give time to the substrate to cool-down, leading to lower 
stress on the film interface. A consistent feature which was evident at both 3 and 10 
pulses was that increasing the energy in the pulse initially reduces the resistance, but 
further increases lead to a catastrophic failure of the film. When applying three pulses, 
energy densities beyond 6.09 J/cm2 resulted in cracking and destruction of the printed 
lines using the 100N ink, Figure 4.3(a). With 10 pulses there is a reduction in line 
resistance up until a maximum energy 10.14 J/cm2 after which further energy input 
results in sample destruction. Further additional pulses did improve the resistivity as 
the intensity (dictated by the remaining capacitor charge) had dropped below a level 
which resulted in sintering. 
 
 
Photonic sintering presented a similar behaviour with the 50N50M ink, with minimum 
resistances being obtained at 6.1 and 14.2 J/cm2 for the 3 and 10 pulse respectively, 
Figure 4.3 (b). This material was able to endure a higher energy 18.66 J/cm2 before 
the film started to ablate. The tolerable operational window of the 50N50M ink was 
therefore wider than the 100N, with less risk of damage due to a small change in lamp 
output. The absolute line resistance of the 100N ink is around a factor of 3 lower than 
that observed with the 50N50M ink. Due to the limited quantity of material available 
and the trial and error nature, the operational envelope of the 20N80M ink could not 
be investigated as widely. A 10-pulse strategy showed an operational window between 
8.2 and 8.8 J/cm2 where minimum resistance was obtained, Figure 4.3(c). Ideally it 
would have been possible to carry out the experiments with 3 pulses with the 20N80M 











Figure 4. 3  Line resistance for the 600 m wide line for each ink under each 








































































4.3 Structure & size 
Given that the surface absorption was the source of energy for the sintering process, 
then some changes in the optimum sintering conditions were expected for each line 
width as the ratio of surface area to bulk volume changes. This was experienced with 
finer structures being adversely affected by exposure to the photonic energy with areas 
exhibiting substrate delamination and physical damage, Figure 4.4. Thus, the photonic 
ideal sintering regime is a function of the structure size. 
 
 
(a) Average damage on 400µm while 500µm 
and 600µm were sintered 
 
(b) Severe damage on 400µm, slight damage on 





(c) Average damage on 300 and 400µm, sintered 
500µm, partially sintered large printed objects 
Figure 4. 4 Examples where the degree of sintering differs between adjacent features 
at different geometric sizes. 
 
By normalizing the measured resistance to the minimum value obtained it is possible 
to determine any shift in the optimum energy required for minimum resistance and the 
tolerance Figure 4.5.  All materials show an optimum value, below which there is 
minimal sintering and above which there is over-sintering with possible damage to the 
structures. The lower the number of pulses, the greater the impact in the change in 
resistance for a given change in energy delivered. This is evident from by examining 










4.5 (a) and (b).  In the case of the 50N50M ink, a low number of pulses results in a 
larger under sintering penalty, with a 2 J/cm2 change in energy leading to a factor of 
15 change in resistance Figure 4.5 (c). The impact of change in energy appears to be 
less dramatic for an increased number of pulses. Figure 4.5(d).  
 
  
(a) 100N – 3 Pulses (b) 100N – 10 Pulses 
  
(c) 50N50M – 3 Pulses (d) 50N50M – 10 pulses 
 
 
 (e) 20N80M – 10 pulses 
































































































With the 100N ink, there is some evidence that the smaller features are adversely 
affected by excess power, Figure 4.5(a) & (b), with the deviation from the optimum 
R/Rmin being higher at the same power level for the finer structures.  
 
 
The absolute line resistivity (calculated from the line profile, Chapter (2), at the 
optimum sintering energy for the 300-600μm line width with film thickness between 
( 8-12 μm) for all materials is summarized in Figure 4.6. There is no specific trend in 
the respect to the line width and therefore the degree of sintering is independent of the 
feature size over the range considered. 
 
 
Figure 4. 6 Resistivity under photonic sintering condition  
 
The absolute resistivity obtained with the photonic sintering was compared to the bulk 
copper resistivity and the best resistivity obtained with the thermal condition, Table 
4.2. The measured absolute resistivity is between 13 times higher for the micro-nano 
blends inks than bulk copper and around 4-5 times higher than the thermal sintered the 
pure nano material ink. The resistance obtained under photonic conditions using 100N 
ink is around 4 - 7 times that obtained with the reducing oven sintering for 600um line 
width, and approximately the same resistance for 50N50M and 20N80M ink. Photonic 
sintering is therefore as efficient as thermal sintering for inks containing micro based 


































Table 4. 2 Absolute resistivity relationship for each material for the 600um line 
(Photonic related to bulk and best obtained with thermal) 
Ink ρ (abs Resistivity) 
*10-7 Ω m 
Related to Bulk copper ρ Related to the best thermal ρ 
100N 3.35 10-12 4 -7 
50N50M 3.11 12 1 
20N80M 4.3 13 1 
 
The optimum sintering settings for the 600µm line width for all materials is 
summarized in Table 4.3. There are no clear trends on which pulsing regime is used  
Applying a 10% variation to the resistance which could be tolerated, then it is possible 
to estimate the process control requirements which would need to be imposed during 
photonic sintering. The inks containing nano materials are more sensitive to over 
sintering, resulting in catastrophic failure with small differences above the target. A 
wider range of intensities lower than the target are possible with the nano materials. 
The 20N80M ink is relatively robust to over exposure but can tolerate less under 
exposure as the larger particles may require higher energies to achieve good sintering 
and conductivity.  
 
Table 4. 3 Optimum sintering conditions for each material for the 600um line 
Ink 100N  50N50M 20N80M 
Minimum R (600µm) Ω 0.39 1.26 1.71 
RPhotonic/RThermal Ω 4.5 1.05 1.05  
Energy Opt (J/cm2) 10.14 6.09 8.88 
Number of Pulses 10 3 10 
Energy range +/- (J/cm2) for 










4.4: TLM measurement of Photonically sintered samples 
The trends observed in sheet and contact resistance in the thermal sintering section are 
generally repeated with the photonically sintered samples Figure 4.7, with typical 
contact resistances of between 1.1 Ω and 5.9 Ω. The similarly in contact resistance 
100N and 50N50M ink resulted according to the energy applied which generally 
provided the lowest contact resistance at the sintering energy and higher contact with 
resistance with the high and low sintering energy applied, the 100N and 50N50M have 
been omitted as poor film adhesion occurred and that attributed to the fast sintering 




                Figure 4. 7  Contact resistsiance for the photonically sintered samples.  
 
Contact resistances for the micro / nano-particle inks are around twice that observed  
with the 100N, Figure 4.7. This is likely to be due to the reduced contact area interface 
associated with larger particles.  
 
4.5: Sheet resistance by 4-point probe photonically sintered samples 
For the lowest line resistances in terms of optimum number pulses, the sheet resistance 
obtained by employing a four-terminal sensing measurement (RM3000) is displayed 
in Figure 4.8. The lowest sheet resistance achieved (0.12 Ω/□) at 10.12 J/cm2 with ink 
100N and at a point corresponding to minimum line resistance. For the 50N50M ink, 
the sheet resistance is opposite to the contact resistance results, the sintering energy 

























Figure 4. 8 100N, 50N50M and 20N80M ink, sheet resistance 
photonically sintered with different energy setting 
4.6: Adhesion test  
The adhesion test provides an interesting insight into the impact of the multi-pulse 
sintering and the interactions that occur between the substrate surface and the sintering 
ink. The 100N ink in all cases showed 0B adhesion level after the test, Table 4.4, 
indicating very low levels of adhesion. A possible explanation is that the multi-pulse 
sintering causes a volumetric reduction to the particle size [79], [156]. There may be 
rapid evaporation of the binder and the inter nano-particle sintering which induces a 
compressive stress in the film which overcomes the ink / substrate adhesion. 
 
Table 4. 4 Adhesion tape test result 
Ink (nano-micro) Sintering energy (J/cm2) 0B-5B Tape after test  
100N 10.13 0B 
 
50N50M 6.09 1-3B 
 























The nano-micro -ink films had higher resistivity and a better level of adhesion strength 
than the pure nano ink. The lack of sintering and volumetric strain in these instances 
ensures excellent adhesion to the substrate. The 50N50M ink is removed in patches 
by the tape, which suggests that the micro-particles have an impact on the cohesion 
and adhesion of the printed film. But that the presence of the micro particles has 
improved structural coherence of the film and film/substrate interface. For 20N80M 
ink, the adhesion is such that the film leaves the surface only those areas where the 
film has been scored. 
 
4.7: Stability test after photonic sintering  
In a similar manner to the thermally sintered samples, the resistance change was 
measured over time in weeks for the three materials photonically sintered, Figure 4.9. 
There is a slight rise in resistance over the first week with the 100N ink, followed by 
smaller increments over subsequent weeks. This is similar to the behaviour observed 
for thermally sintered material. The 50N50M also exhibited a rise in resistance, but 
the change more gradual and plateaued after 2 weeks. The 20N80M material exhibits 
minimal resistance increase over the period of measurement, inferring a very stable 
printed film. These trends would tend to indicate that the presence of a certain ratio of 




Figure 4. 9 Line resistance change over time in weeks for the three materials sintered 
 























4.8: SEM photonically sintered materials 
The degree of sintering between the particles is considerably lower than the oven 
sintering. In order to better understand the mechanisms by which the printed film had 
been altered by the exposure to the pulsed light, selected samples were examined using 
SEM. Time constraints limited the number of samples which could be examined and 
thus the samples were selected based on the changes observed in the macro conductive 
electrical behaviour. Macroscopically, the photonically sintered films and the 
thermally sintered film (in this instance the film sintered in a formic acid environment) 
produced by the 100N ink are similar, Figure 4.10 (a) and (b). Closer inspection at a 
higher magnification shows that in contrast to the thermally sintered films, the nano-
particles have not joined at the particle boundaries and there is only a small amount of 
evidence that the photonic sintering has melted the nano-particle boundaries, Figure 
4.10 (c) and (d).. The increased porosity / lack of inter particle contact explains the 
reduction in conductivity seen with the 100N ink compared to the thermally sintered 





(a) Thermal sintered (b) Photonic 
Figure 4. 10 SEM images of the 100 N ink (a and b) thermally sintered (formic acid) 




The poor adhesion for the 100N ink is clearly illustrated in Figure 4.11 where a clear 
gap is observed between the nano-particle film and the substrate. As the adhesion of 
the dry film, but un-sintered film, was deemed reasonable then the act of photonic 
sintering has directly led to this delamination. A possible explanation is that the rapid 
sintering process causes a thermal shock on the interface and due to the relative 
coefficient of thermal expansion (9×10-6 / °C for glass compared to 17×10-6 / °C for 
bulk copper) a stress is induced at the interface. There is also the possibility of the 
temperature required for bonding (via a sintering process) has not been achieved but 
the impact of the photonic sintering is to eliminate the binder locally from interface.  
 
Figure 4. 11 FTO – 100 N Interface when photonically sintered 
 
There is some evidence of extensive pinholes in the 50N50M ink film when examined 
macroscopically, Figure 4.12 (a) – (d). It is hypothesized that these could be associated 
with “solvent boil”, a phenomenon where any residual solvent in the film is converted 
into the gas phase rapidly, creating a void in the film from the bottom to the surface. 
Similar structures are observed on a micro-scale where the nano-particles remain as 
discrete spheres on the surface of the micro particles. As with the thermal sintering, 
the presence of the micro particles is an obstacle for melting of the nano-particles. The 
similarity in the structures is reflected in the similarity in the electrical performance of 







(a) Thermal  (b) Photonic 
  
(c) Thermal (d) Photonic 
 
The microstructure of the photonically sintered 20N80M is similar to the thermally 
sintered sample, Figure 4.13 (a) – (d). There is again evidence of small voids in the 
surface which may be associated with solvent boil as described earlier. Closer 
inspection shows further similarity with the nano-particles observed as discrete 
spherical like objects which are bound to the micro particles, but which have not 
melted to coat the surface of the micro particles. As with the 50N50M ink, the 
similarity in the microstructure has resulted in similar electrical performance. 
 







(a) Thermal sintered (b) Photonic 
  
(c) Thermal sintered (d) Photonic 
 
4.9 X-ray diffraction (XRD) Photonic sintering: 
X-ray diffraction of the examined printed copper film using 100N ink shows that 
diffraction peaks with strong intensities appear at angles corresponding 2Ɵ 111,200 
and 220, this means the copper is formed and stable against oxidation with all energy 
settings applied [157]. The 50N50M ink also shows that diffraction peaks with a 
weaker intensities appear at angles corresponding 2Ɵ 111,200 and 220 with the high 
energy applied (14.09, 18.66 J/cm2), but with 9.89J/cm2 intensities appear at angles 
corresponding 2Ɵ 110, 111,200 and 220, this means the copper is formed with less 
stability against oxidation (The XRD results of the 100Nand 50N50M ink prepared 
and displayed in Figure 4.14. 






(a) 100N ink 
 
(b) 50N50M ink 
Figure 4. 14 XRD of the 100N, 50N50M ink -copper patterns (600 µm line width) 
 
A limited oxide formed during photonic sintering of 20N80M ink is evident in Figure 
4.15, where the relative copper intensities strength for the photonically sintered 
samples is on par with the all energy applied. For reference the samples sintered with 





Figure 4. 15  XRD 20N80M ink (600 µm line width) 
The limited quantity of oxide formed with 20N80M ink also illustrated in Figure 4.16 
with comparison to the 100N where were no oxide formed. The relative copper 
intensities strength for the photonically sintered samples is showing that the 100N ink 
(nano-particles 100%) provided the highest copper peak [10].  
 




The XRD spectra for 100N ink provide similar spectra to the ink 20N80M which 
suggests that the Cu2O which is absence in the photonic sintered sample does not 
undergo significant reduction with ink 50N50M under photonic sintering process.  
 
4.10: Discussion 
This study has shown that it is possible to photonically sinter nano-copper thick 
screen-printed films. The degree of success of the sintering is dependent on material 
and operational factors and has implications for 
1. Operational viability 
2. Underlying Mechanisms 
 
4.10.1 Operational viability  
For a purely nano ink, the performance of the photonically sintered features reduced 
significantly from the thermally sintered materials. The relative conductivity and the 
loss in adhesion do not make photonic sintering a viable option for manufacturing. 
With the micro-particle inks, adhesion is excellent, and performance is equal to that 
achieved with the thermal sintering. Photonic sintering, therefore, provides a viable 
alternative to thermal sintering for this material, although at the expense of the 
absolute conductivity. From an industrial perspective, the photonic sintering process 
looks promising, particularly if considering the use of microparticle inks as the 
sintering process takes the order of seconds compared to many hours in a thermal 
sintered process. Besides, no controlled gas environments are required, and thus safety 
issues and operating costs are reduced. Photonic sintering could be used as part of a 
continuous process, instead of a batch process which has significant advantages in 
terms of productivity, scheduling and work in progress, which would have a positive 
impact on the operational costs. The primary challenges faced with implementing 
photonic sintering are associated with exposure area, the link between ideal exposure 
and feature size and establishing the manufacturing tolerances. The 50×50 mm sample 
was placed in the centre of the 200 × 250 mm exposure bed in order to limit any 




be experienced under a larger area of illumination, would have an impact on the 
sintering performance. Establishing the tolerances for the lamp exposure would 
require finer refinement of the energy & pulse length around the optimum values 
identified. These would need to be monitored as the lamp output could vary under 
continuous operation and as the lamp ages, [155]. 
A clear link was seen between the degree of sintering and the feature size with the 
large solid areas being characterized by sintered edges (as viewed by colour) and an 
un-sintered centre region Figure 4.4 (c). This has design implications as all elements 
within the “circuit” would need to be within a dimensional range in order for photonic 
sintering to be successful, those above the limit would not be fully sintered, while 
those below the dimensional range would be catastrophically affected, Figure 4.4. 
Such design constraints could have a significant impact on photonic sintering viability. 
For example, in the design of PV module narrower features (40-50 µm) are required 
to locally collect charges from the open active areas where charges are generated 
[158]. These in turn are collected to larger bus bars which are used to provide a low 
resistance pathway for the charge away from the cell. Photonic sintering may not 
therefore be a plausible method for this application where the design fundamentally 
requires a mixture of optimized sintering conditions. 
 
4.10.2 Underlying Mechanisms 
The lack of sintering (Figure 4.10) observed with the 100N ink suggests that either the 
peak temperature within the film is not reached or that the peak temperature is not held 
for a sufficient length of time for the sintering process to occur. Given that sintering 
times for nano-copper [17] [16] and nano-silver   [100]  [113]  have been shown to be 
less than 10 ms using laser sintering, the most likely explanation is that the sintering 
temperature is not achieved.  
There are a number of suggestions that the FTO plays a role in the sintering of the 
film. The sintering seen around the edge of larger areas would suggest that there is a 
temperature difference between the outer edges and middle of the film. The 
transmission of Tec 7 FTO coated glass is around 82% [159] and relatively even across 




absorbed and results in a temperature rise. This could result in a thermal shock which 
overcomes the sintering level occurred in the middle area.    
The near equal performance of the micro / nano-particle blend ink and the similarity 
in the micro structure reinforces that the photonic sintering process is sufficient to 
remove the majority of the binder from the ink and create the bond to the surface 
without the need to sinter / melt the nano-particles.  
The study has shown that there may be multiple energies which are capable of 
sintering the copper inks with near equal resistance being observed with similar 
energies. For example, the line resistance is similar at 6 J/cm2 and 14 J/cm2 for the 
50N50M ink, Figure 4.3 (b), with the primary changes being the number of pulses and 
the absolute intensity of the pulses. There is clearly a dynamic element in the rate of 
energy absorption, the sintering process and any associated cooling which occurs 
between pulses. A direct instrumented experimental investigation of this process is 
difficult given the timescales involved, the extreme conditions experienced within the 
film during the exposure process. In addition, the destructive nature of the tests and 
the limited material quantities available did not allow a wider investigation of the 
complex interaction between the input parameters from the output properties of the 
sintering process.   
Dynamic models for photonic sintering of other ink substrate combinations have been 
developed [80], but these are reliant on physical constants which are not readily 
available for the material (e.g. final and initial thermal conductivity), empirically 
derived constants (e.g. for cooling mechanism) and targeted towards thin films on thin 
substrates. Through film conduction and high thermal gradients within the film depth 
and the large heat sink associated with a thick piece of glass are likely to deviate the 
performance from these scenarios. It was initially hoped that a modelling approach 
could be used, but it was decided that number of unknown constants and the additional 
issues in addressing the through thick film condition and geometric feature 








An experimental study of the photonic sintering of copper nano micro inks has been 
carried out. The primary conclusions of this study are: 
 
1. It is possible to photonically sinter the screen-printed copper films on FTO glass 
substrates.  
2. There is 5 – 7 times reduction in conductivity for the pure nano-particle ink when 
photonically sintered and this can be associated with the lack of nano-particle sintering 
with in the film. 
3. Equal electrical and adhesion properties can be obtained for the micro – nano-
particle blends. This offers a means of sintering without controlled gas environments 
within seconds, when compared to hours in thermal sintering.    
4. There is a multiple optimum values of energy and this is reliant on the number of 
pulses which are used for the sintering  
5. The operational window for sintering is small for the purely nano material and is 
wider for the nano / micro particle blends. Operation at energy levels below this 
window does not achieve sintering, while catastrophic failure occurs below this value. 
6. The optimum sintering conditions vary with the feature size which limits the 
flexibility of the circuit design.  
 
The next thesis chapter investigates other technologies which can be used to rapidly 
sinter thick film copper printed materials on FTO substrates which overcomes some 









Chapter 5: Alternative fast sintering technique 
 
5.1 Introduction  
This chapter presents the sintering results achieved by employing other fast sintering 
methods other than flashlight and thermal sintering which were introduced in chapter 
3 and 4. The materials and the equipment employed in this chapter were the same as 
used in previous chapters. While wide area white light photonic sintering was 
successful, it produced challenges. It requires that the same sintering condition is 
applied to the whole surface, impacting the degree of sintering when feature 
dimensions change, and the operational window is limited with possible catastrophic 
failure when over sintered.  
 
Laser sintering offers selective condition to each object printing, or with ability to 
apply a different condition for each print size on the circuit. Also, laser sintering would 
ignore any issues caused by the energy absorption by the FTO.   
NIR (Near Infrared) can also be used as a fast sintering process. The main advantages 
of using the NIR are that it is more widely available than pulse light, it absorbs in a 
different part of the spectrum [160] and as absolute energy intensities are lower the 
operational window in terms of time may be larger and more manageable. Even with 
processing times in the order of 10s of seconds, this would still provide a productivity 
advantage over thermal sintering. 
Through iterative studies with refinement of methods, the potential of these attractive 
processes will be examined. 
 
5.2 Optimization of Laser Sintering 
A Rofin power line E was the laser technique selected for these tasks because its light, 
as the 532 nm wavelength absorption rate range was deemed the best setting for the 
application. An initial study was carried out at each wavelength within selected values 
within a power range between 10W-40W and a frequency range of 10-200 kHz. This 
range was limited by the operational window of the laser system. The laser was set in 
a raster mode where it scanned across an area rectangle which included the printed 
lines and the background FTO. This was necessary as optical registration between the 





As material samples were limited, the initial conditions were set according to 
discussions in the laboratory with users who utilize the same laser for laser machining 
FTO, sintering TiO2 and scribing glass for ease of cutting. From this initial starting 
point, the power, frequency and wavelength of the laser was varied in line with the 
observed macro change in the exposed regions and, where appropriate, resistance 
measurements.   
 
The initial settings which were operated at an intermediate power level were found to 
cause catastrophic failure of the film with complete delamination. The power and 
frequency were subsequently reduced to its lowest level (10W and 10 kHz) which 
allowed the film to remain visible on the surface with a perceptible and significant 
colour change indicating a change in physical structure had occurred.  
 
 velength of 532nmat wa e investigationLaser settings used in th 1Table 5.  
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10W 10kHz Damage 
 
 
Although a visible change in each of the samples was observed, resistance 
measurements could not be reliably taken. In order to identify possible causes for this, 
samples which were produced at the lowest power level and lowest frequency were 
studied using SEM. Figure 5.1 shows the SEM images of the samples sintered with 
laser which were visibly observed as the best quality compared to photonically 
sintered samples. In each instance the microstructure and surface topography of the 
laser exposed surface differs considerably from that of the photonically sintered 
surface. The laser exposed surface for the 100 N ink is highly non uniform and 
characterized by surface cracks and localised divots in the surface, Figure 5.1 (a). 
There are also regions where some degree of localized sintering has occurred which 
seem randomly distributed across the area. The surface of the 50N50M is again highly 
non uniform with areas in the lower part of the image where melting between the nano-
particles has clearly occurred and areas where nano-particle sintering has not occurred. 
There is clear evidence of large cracks which cause chasms across the surface of the 
film. Such damage would clearly have a negative impact on conductivity. The 
20N80M shows a significant amount of nano-particle and microparticle melting with 




















Figure 5. 1: SEM images of Photonic sintering vs laser sintering for laser samples 
4,5 and 6. 
 
The significant change and structure damage caused by the laser exposure is result of 
the localised nature of the laser exposure fluence and this has been seen previously in 
the literature,. [161], [162]. The localised nature of the laser sintering and short time 
scales is a rapid energy transform phenomenon that has led to damage and cracks in 
the copper film. It has been postulated that damage caused by the laser is a result of 




and roughness of the melting front for the printed film [163], which then opens 
particular heat conduction channels through the film. This concentrates the energy 
resulting in highly localised morphological changes.  The laser exposure also caused 
delamination of the copper film in all instances. Accordingly, any adhesion tests were 
rendered invalid. 
 
The laser wavelength, power and frequency used has been shown to be inappropriate 
for sintering thick screen-printed copper nano and micro inks. The overall fluence of 
the laser produces localized damage to film, even at its lowest setting. Ideally, 
alternative lasers would have been tested, but this was not possible given the number 
of samples sacrificed during this study and the availability of lower power lasers.  
 
5.3: Near infrared (NIR) sintering   
NIR offers a means of direct heating of the sample over a period of tens of seconds 
[164], [165], [166] offering the opportunity to lower energy densities which was 
shown to have such a negative impact of film integrity with laser and photonic 
sintering.  
 
The copper ink was sintered by NIR irradiation at room temperature and ambient 
conditions. The NIR system used in this study used of 6 twin tube NIR lamps. The 
maximum electrical power density of the system was 250 kWm-2 and a minimum 
sintering time of 20 seconds was set up because a stable time was needed for NIR light 
irradiation and the applied power and on-time were adjusted to change the sintering 
conditions. As there was no guiding literature available for sintering the copper, the 
initial conditions were chosen from conditions used by equipment owners who had 
experience of heat-treating glass and metal substrates. From these initial tests the 
power and time of exposure were steadily increased from 20% - 100% (50 kWm-2) 
with variety of sintering time period (20 –60 seconds).    
 
 
The perceived and macroscopic change in visual properties of the 20N80M copper ink 
sintered on the FTO glass are shown in Table 5.2. This NIR technique was found 
ineffective to sinter the copper ink used in this study, as low power between 20-60% 




Conversely, applying power over 60% leads to an over-sinter for all materials 
employed (100N, 50N50M and the 20N80M).  Thus, the operational window in order 
to produce the optimum level of sintering was deemed to be small. 
 
Table 5. 2: NIR power used in the investigation (20N80M ink) 
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(% / kWm-2) 
Time 
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Result observed Image 
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Figure 5.2 shows the SEM images of the sintered samples with NIR (at 50% for 40 
seconds), which introduced no significant change of the printed copper films. Overall, 
there is no noticeable change in the microstructure (Fig. 5.2 a, b and c) which explains 
the poor conductivity obtained with NIR sintering. For the 100N ink, there is no sign 
of intra nano-particle sintering, but there is a clear fracture in the film, which would 
have a detrimental impact on cross film conductivity. The 50N50M and 20N80M inks 
also show similar microstructure with no evidence of the nano -particles sintering to 
the micro particles. The attempt to NIR sinter the films has therefore been unsuccessful 












































The experimental study has been unable to identify a set of conditions where either 
laser or NIR sintering can be used to sinter any of the three materials rapidly. In some 
respects, this a failure of the hypothesis that it is possible to sinter nano-micro copper 
inks using alternative energy sources. This source would provide processes which sit 
between the ultra-rapid, but challenging to control, broad-spectrum white light 
sintering and the reliable but slow thermal sintering under controlled conditions.  
In terms of laser sintering, there is evidence of success in the literature when sintering 
thin films of pure nano-copper materials on polymer substrates, but this has not been 
achieved in this instance with thick films and glass substrates.  At the lower powers 
possible, the film is unaffected. Still, the laser has a detrimental impact on film 
integrity once the power is increased with the film exhibiting cracking, blistering and 
delamination. The limited number of samples did not allow the study to be expanded 
to other laser sources and timescales, but this should be examined further in order to 
develop the possibility of sintering via laser. 
 
The large quantity of energy to which the film is exposed causes localised surface 
melting faster than the energy can be conducted into the film in order to sinter through 
the film. Increasing the timescales and lowering the power should allow the localised 
surface energy absorption to be reduced with greater conduction into the bulk of the 
film. These longer timescales would need to be balanced with the timescales of 
oxidation, but as most laser pulses are in the pico-second to milli-second range [167] 
then this will be minimised. The broad-spectrum white light sintering which occurred 
over 100s of milliseconds could produce some sintering with minimal oxidation. 
 
The negative results for the near infra-red sintering show there is a lower energy 
density which is required to sinter the materials at the relevant timescales. The lack of 
changes in microstructure which were observed suggests that the constant lamp output 








5.5: Conclusion   
The study has shown that the laser system used is not conducive to sintering any of 
the thick film copper inks on the glass substrate. In most instances, a non-conductive 
film is produced, which exhibits severe damage when the power of the laser is 
increased.  Further work is recommended on using lower intensity, longer pulse width 
laser systems. 
 
This NIR technique was found ineffective to sinter the copper inks used in this study. 
The ideal NIR exposure conditions are linked to the actual power, the engineering 
power and film thickness, and this imposes a critical interaction between the 
processing and the materials techniques as the copper inks are highly responsive to 




















Chapter 6: Blended conductive materials 
6.1 Introduction  
This chapter will present the work on mixed ink of copper nano-micro particles and 
sliver nano-particles with low sintering temperatures. There were two primary drivers 
in this work, one practical and one conceptually interesting. The practical reason was 
that with the demise of Intrinsiq materials ltd, further supplies of inks were not 
possible, so the volume of the stock was limited. The silver nano-particle inks were 
supplied by AGFA, the ORGACON nano-Silver inks feature very high conductivity 
with a low deposition and support high-resolution patterning. 
The concept behind mixed inks was that since inks containing the lowest nano-particle 
ink (20N80M) seemed to less sensitive to the sintering environment, it was postulated 
that silver nano-particles could be used to fuse the micro copper particles together and 
form the conductive path through the copper/silver mixture. With sliver dominating 
the nano-particles sizes 30-80nm, their insensitivity to silver would allow a more 
stable matrix to be used. Literature has also highlighted work on mixing copper and 
silver where the surface copper atoms serve as reducing agents for the silver ions, in a 
simple term creating a silver shell on the copper core [168]. 
 
6.2: Optimization of mixed inks 
The 20N80M copper ink exhibited the least oxidation under H2/N2 atmosphere 
sintering, Chapter 4. In addition, the good conductivity this material was significantly 
stable and showed no drift in resistance after four weeks of sintering, as it contained 
the lower ratio nano to micro copper particles compared to the other materials in this 
study this was chosen as the base copper ink 
 
The sintering time and temperature are to set within the operational window of 
20N80M copper ink and silver nano-ink.  The mixing was carried out manually with 
ratios of silver- copper ink. Figure 6.1, Table 6.1. 
 
Table 6. 1 Mixed ink ratio 
% (g) Ag (g) Cu (g) Total 
W 
% Ag - Cu 
25Ag 75Cu 7.59 22.71 30.30 25 
54Ag 46Cu 20.37 17.24 37.61 54 













Figure 6. 1: Mixed ink (silver-copper) 
 
6.3: Resistance measurement (mixed film conductivity) 
 
The line resistance was measured after sintering at each temperature under the H2/N2 
atmosphere. Figure 6.2 shows the line resistance performance of each blended ink and 
the silver and copper (20N80M) individually. The printed were initially processed at 
the optimum which had been found for copper material, namely 30 minutes at 250 °C. 
The samples were also processed at the silver ink supplier recommended a sintering 
temperature of 275°C for 10 minutes. 
 
In all instances, increasing silver content results in a lower line resistance, Figure 6.2. 
The copper 600-micron line resistance is 4.21Ω while the silver is 0.16Ω, and there is 
a linear reduction in the resistance as the silver content increases. Part of this may be 
related to the intrinsically lower resistivity of the silver compared to the copper (Ag = 
1.59×10 -8 Ωm, cu = 1.68×10-8 Ωm), but this represents only a 5% increase in 
resistance. The inference which can be drawn from this is that the sintering of the 
copper provides a less conductive feature than which is produced from the silver ink 
and this is likely to be a result of the oxidation of the copper material in the wet, during 
the drying or during the sintering process. This is independent of the printed line 








Figure 6. 2: The impact of silver content on the resistance of the 600-micron line 
 
 
(a) 250°C for 30 mins 
 
(b) 275°C for 10 mins 






The absolute line resistivity was also calculated after measuring the film thickness by 
employing Taylor Hobson S-28 profilometer. The absolute resistivity obtained with 
the mixed ink for the 600-300μm line width is summarized in Figure 6.4. 
 
 
 condition 2N/2H: Mixed ink absolute resistivity sintered under 46.  ureFig
compare to silver nano-particle resistivity  
The absolute resistivity obtained with blended ink compared to the bulk silver 
resistivity and also compared to the best resistivity obtained with the thermal condition 
in Table 6.2. The measured absolute resistivity is between 10-12 times higher for the 
blended ink with %25 of silver, than the bulk silver and around 2-3 times higher with 
%75 silver. The inclusion of the copper, therefore, tends to have a detrimental impact 
on the conductivity of the sintered film. 
 
line ֋µ: Absolute resistivity relationship for each material for the 5002Table 6.  
(Mixed ink related to bulk Silver and best obtained with thermal) 
Ink 
wt% 
ρ (abs Resistivity) 
*10-7 Ω m 
Related to Bulk Silver ρ 
1.59*10-8 Ω m 
Related to the best thermal ρ 
Ag 25 1.94 10-12 0.5-1 
Ag 54 1.18 8 0.4-1 































6.4:  Contact resistance of the sintered samples 
All samples remained intact during the sintering process, and therefore the contact 
resistance was measured using the TLM procedure for mixed ink samples sintered 
under H2/N2.  The trends observed in sheet and contact resistance in the thermal 
sintering section are generally repeated with mixed ink samples, Figure 6.4. The 
similarly in contact resistance Ag %54 and Ag %75 ink resulted according to the high 
percentage of silver – copper which generally provided the lowest contact resistance 
at the sintering temperature of 250°C for 30 minutes and higher contact resistance with 
the higher percentage of copper-silver (Ag %25).  
 
 
sintered related to pure silver and  2/N2HMixed ink contact resistance : 56.  ureFig
20N80M copper.   
Contact resistances for the micro/nano-particle copper inks are around six times higher 
than observed with the nano-silver, Figure 6.5, with lower silver content leads to 
higher contact resistance. Even the lowest silver content (Ag%25) lowers the contact 
resistance appreciably with further smaller reductions as the silver content is increased 
(Ag%54 and Ag%75). It is postulated that the lower contact resistance achieved with 
increasing silver content is attributed to the particle size (30- 50nm) and this is likely 





















10 min at 275C




6.5: Sheet resistance by 4-point probe H2/N2 sintered samples 
The sheet resistance obtained from the mixed ink process is displayed in Figure 6.6. 
These results show similar trends to those observed with the contact resistance and 
line resistance. The inclusion of the smallest percentage of silver results in a significant 
improvement in the conductive performance of the material, while higher percentages 
tend towards the conductive properties of the pure silver ink. 
 
 
sintered related to pure silver and  2N/2HMixed ink, sheet resistance : 66.  ureFig
20N80M copper 
The lowest sheet resistance achieved with the blended inks was (0.39 Ω/□) at 250°C 
for 30 minutes with ink contains Ag %75, which is only slightly higher than that of 
the pure silver ink.  
 
6.6: Adhesion test  
The introduction of the silver particles into the ink have clearly shown an improvement 
in the conductive performance of the sintered film. This improvement in electrical 
performance, however, comes at the expense of the physical adhesion characteristics 























10 min at 275C




Table 6. 3: Adhesion tape test results for each mixed metal ink sintered at 250°C for 
30 minutes 


















At 25% silver content, the adhesive performance of the ink is mostly unaffected with 
a small increase in the area removed as the silver content is increased to 54% silver. 
As the silver content is further increased to 75%, more of the film is removed by the 
tape until the pure silver film exhibits more or less complete delamination under 
testing. Where delamination occurs, the sintered film is removed, ultimately indicating 
failure at the film / FTO interface and not within the film. This behaviour is similar to 
that observed with the nano copper ink where the sintering of the copper nano-particles 
results in a reduction in adhesion, Table 3.2. It was therefore postulated that the 
sintering of the nano-particles and the formation of a denser conductive film has a 
detrimental impact on the ink substrate interface. In order to further examine this, the 









6.7: Mixed ink material microstructure 
Selected samples were examined using SEM to examine the surface morphologies. 
The sintered silver provides a uniform distribution of nano-particles across the surface 
of the film, and the interparticle melding is clearly observed at zooms into the 
nanoscale, Figure 6.7 (a). As previously seen, the sintered film produced 20N80M 
copper ink is characterized by large micro particles to which the nano-particles are 
attached then there exist voids in the film due to the lower packing density of the micro 
particles, Figure 6.7 (b). The introduction of 25% Ag into the ink results in a denser 
film with fewer large voids in the film as the nano silver fills the inter-micro particle 
gaps. This decrease in porosity results in the increase in conductivity observed. As 
with the nano copper, closer inspection shows that the nano-particles do not appear 
melted into the micro particles but remain as discrete nano-particles on the surface of 




(a )  
Cu (20N80M) 
(b) 
Ag 25%  
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Increasing the proportion of nano-silver in the ink results in fewer voids in the sintered 
film with the surface of the copper micro particles, being further covered by the silver 
nano-particles, Figure 6.8. With the increase in the number of nano-silver particles, 
there is evidence of interparticle necking which would readily allow for particle-
particle conduction. The reduction in voids and the silver nano-particle sintering 
would both provide a positive impact on the conductivity.  Even at the highest nano-
silver proportion, a continuous film is not present, and thus it can be concluded that 
charge transfer occurs through both the silver and copper 
Figure 6. 8: SEM Nano-silver, 20N80M copper ink blended with (a) 25%, (b) 54% 
and (c) 75% Ag 
 
6.8 Mixed ink Energy-dispersive X-ray spectroscopy (EDS) examination 
An EDS of the sintered films was used as a means of investigating the atomic 
composition of the films. When the silver nano-particles are sintered under ambient 
air conditions, there is little oxidation observed on the film with the spectra being 
dominated by the presence of silver as expected, Figure 6.9. There is a small quantity 
of carbon which is associated with contamination and any residual binder which may 
still be present post the sintering process. 
 
(a) 25% Ag (b) 54% Ag (c) 75% Ag 
   





Figure 6. 9 EDS: Ag ink sintered under ambient condition 
 
 
With the 25% Ag film, both copper and silver are present, although the relative 
quantity of each varies considerably due to the distribution for the nano silver on the 
micro copper particles. Figure 6.10. 
 
 





Increasing the silver content to 54% results in similar distributions of silver and copper 
with the discrete particulate nature of the metals, creating localised differences in 
relative quantity, Figure 6.11. Again, the oxygen levels are negligible which suggests 
that the copper has not been oxidised with a subsequent adverse effect on the oxygen 
 
Figure 6. 11: EDS of Ag %54 ink sintered under H2/N2 condition 
 
As the silver content increases to 75%, the distribution mix of the silver nano-particles 
and micro copper becomes more even and there remains little observed surface 
oxygen, Figure 6.12 
 




6.9 (XRD) examination of mixed ink 
X-ray diffraction was used to identify changes in the structure and possible oxidation 
due to the sintering process.  Figure 6.13 shows the diffraction peaks appearing at 
angles corresponding 2Ɵ 111,200 and 220 for all mixed ink, highlighting the presence 
of copper and silver.  The relative intensities of the peaks are in line with the ratio of 
the silver and copper components. No additional peaks are visible due to the sintering 
process, indicating little chemical change during the sintering process. 
 
 
Figure 6. 13: XRD response of each mixed metal ink before (dry) and after the 
C.°environment for 250  2N/2Hsintering process for 30 mins in a  
 
Examining the XRD of mixed copper-silver sintered films, highlights detailed film 
characteristics, Figure 6.14.  Clearly present are the three characteristic copper peaks 
at 2θ values of 43.27°, 53.42 and 74.12 corresponding to (111), (200) and (220), 
respectively. These characteristic peaks confirm that a face-centered cubic (FCC) 
copper phase is present. There is also no evidence of the Cu2O phase at 36.6°, which 
indicates that minimal oxidation has occurred. Also, shown peaks at 2θ values of 
26.2°, 38.19° and 44.22°, which indicative of silver, the layer of silver should provide 






Figure 6. 14: XRD comparison of each film for each film sintered at 5% H2/N2 for 





This chapter’s study raises a number of discussion points which have scientific and 
application impact. Firstly, it has been demonstrated that it is possible to achieve a 
reduction in resistance, an improvement in the conductive performance, of a film by 
blending a relatively small quantity of nano silver ink into the micro/nano copper ink. 
The inclusion of 25% nano silver reduces the sheet and line resistance up to three-fold 
compared to the original micro/nano copper (Figure 6.2 to 6.5) without any apparent 
loss in adhesion. Thus, adding silver nano-particles provides an enhancement in 
conductivity without a penalty of loss of adhesion on FTO coated glass substrate. With 
the potential raw material cost reduction, then this provides a significant outcome of 
the study. There may be potential to further optimize the trade-off between 
conductivity and adhesion through further refinement, of the relative proportions, but 





In the copper micro/nano blends the presence of micro particles prevented visible 
sintering of the nano-particles to the micro particles. This was also observed with the 
copper ink where the individual nano-particles remained as discrete spherical particles 
on the micro particles as a result of sintering. However, when the nano-particle density 
increased such that they touch the nano-particles then meld into each other, Figure 6.7. 
Thus, the presence of the micro particles does not impede the sintering of the silver 
particles as was apparent with the nano copper blend ink. It is  
 
The lack of oxygen/copper oxide observed in the EDS and XRD respectively raises 
the question of whether the presence of the silver plays a role in helping to prevent 
oxidation of the copper during sintering. This occurs even at low silver contents, and 
therefore it is unlikely that it is providing a protective layer since the nano-particle 
silver film on the surface of the copper micro particles is non-continuous, Figure 6.7. 
Although copper lies above silver in the reactivity series and would, therefore, be more 
likely to oxidize the more likely hypothesis is that the inherent reactivity of the nano-
particles means that they may react preferentially with any oxygen inhibiting any 
copper oxide formation. 
 
6.11 Conclusion 
The work completed in this chapter has shown the potential of copper/silver mixtures 
as a means for providing high conductivity, physically robust conductive structures on 
FTO coated glass. The study has been successful in creating a blended ink where a 
25% addition of nano silver reduces the conductivity significantly while maintaining 





Chapter 7:  Discussion  
This thesis has concentrated on studying copper inks materials and their interaction 
with the sintering process. The study has highlighted many scientific and practical 
interesting issues which arise from sintering of thick copper films to FTO coated glass. 
This chapter brings the individual chapter discussions together in order to gather the 
overall implications of the findings. 
 
7.1 Performance of nano vs micro particle inks 
There is a clear indication that the 100% pure nano-particle copper ink shows 
improved electrical performance compared to the inks with a blend of micro and nano 
particles. Such a trend can be explained by examining the micro structure of the 
materials.   
 
While the 100N ink showed extensive inter particle melding during sintering, the 
relatively poor performance of the 50:50 nano-particle/ micro-particle blend (highest 
sheet resistance, largest ageing effect) suggests that there is an optimum blending ratio 
of nano / micro particles which balances the performance benefit of each constituent. 
It is postulated, and backed by the SEMs of the 20N80M materials, that the presence 
of an excessive quantity of micro particles disrupts the natural sintering tendency of 
the nano-particles as they are rapidly bound to larger surface area micro particles, 
leaving them open to oxidation.  
 
There are a number of possible explanations for the improved adhesion observed with 
the micro / nano-particle inks compared to the pure nano particle ink.  It could be due 
to greater physical interlocking between the micro particles and the FTO crystals on 
the substrate surface. Some surface oxidation of the larger micro particles may be 
beneficial in terms of providing oxide – oxide bonding between the copper oxide and 
the FTO. It cannot be attributed to any organic binder being present as the TGA profile 
(Figure 3.1) clearly shows that the TGA shows no further change in mass beyond      







7.2 Thermal sintering conditions 
There is considerable interaction between the ideal thermal sintering conditions (time 
environment and temperature) and the nano – micro particle blend. Where the nano 
particles form a significant contributor to the continuous conductive (50N50M) 
pathways, this impairs charge transfer through the particles. At lower concentrations 
of nano particles, a conductive pathway is ensured through micro particle contact and 
thus the impact of any nano particle oxidation is minimized. Evidence for this 
hypothesis can be seen in the absolute conductivity and in the increase in resistance 
seen with ageing, suggesting that there are some nano particles which are not fully 
sintered which are subject to oxidation. While the short-term stability of the copper 
inks has been shown to be good when sintered under the correct conditions, this needs 
to be examined over a longer timescale.  
 
In terms of the performance under N2 environment compared to that in a reducing 
environment, it is encouraging that sintering can occur in a purely inert atmosphere, 
albeit with a penalty in terms of conductive performance. In some instances, this 
performance penalty may be tolerable given the relative ease of installation and 
operation of inter / reducing atmospheres.  
 
 
7.3 Photonic sintering 
The better performance of the photonic sintering with the thinner film is likely related 
to two primary mechanisms the depth of energy penetration and the thermal mass 
[169]. With the thinner film, the initial transformation to a highly reflective copper 
surface then becomes an optical barrier to the absorption of the energy of subsequent 
layers. The process thus becomes self-limiting in terms of its ability to transfer energy 
to the material at substrate interface with a detrimental effect on the upper surface of 
the film or delamination of the film.  
 
With the thicker film, the lower portions of the film act as a thermal sink taking that 
energy which is absorbed in the upper surface. If the energy taken does not raise the 





structure. The lower sintering visible at the substrate / ink interface will also likely 
have a significant effect on the contact resistance as intimate contact between the FTO, 
and a conductive copper cannot be guaranteed. 
 
It was found that the photonically sintered features have a consistently higher 
resistance than the conventional oven sintered lines. Evidence for the change in 
sintering behaviour is clear from the images of the microstructure of the surface and 
within the film where the photonically processed film shows a lower level of inter-
particle sintering. Since some sintering is observed, this would suggest that the peak 
temperature required for sintering has been achieved. It is postulated that this level of 
sintering has some time-related element where the temperature has not been held for a 
sufficient amount of time for the sintering to complete. This hypothesis is reinforced 
when one examines Figure 4.3 and Table 4.1, where the near-identical levels of 
conductivity are achieved even though the energy level of the two lamp regimes is 
doubled. The pulse width of each is a similar case, and the net result is a similar result. 
This result suggests a mechanism of heating during the pulse, followed by rapid 
cooling at the end of the pulse and the time at maximum intensity is more of a control 
variable than the absolute amount of energy. More material would have allowed 
further validation of this hypothesis but may not have provided mechanistic 
conformation. Ultimately a model of the behaviour would benefit the process based 
on those which have been developed for thin-film silver photonic sintering [170]. 
 
The interaction between the line width and the degree of sintering has implication for 
circuit design and processing. The proposed explanation is that the thermal mass of 
the line alters the degree of sintering within the line structure (as explained in the 
previous paragraph). However, photonic uniformity over a larger area shows the 
maximum illumination area for the equipment used is 300 mm×150 mm. Placement 
of the 50 mm×50 mm sample within this area such that edge effects are minimized 
was easily possible. Given that illumination edge effects are present and the sensitivity 
of the material to sintering conditions for larger areas envisaged within the thesis (500 






The laser & NIR techniques were found ineffective to sinter the copper ink examined 
in this thesis, severe damage caused into the copper film with a major ablation led to 
inferior adhesion. The damage is attributed to the high-power technique employed to 
sinter the copper ink.   
 
7.4 Silver blending 
The silver blending provided a positive impact on the electrical performance, which is 
beyond that predicted simply by its lower resistivity (1.59 W cm-1 compared to 1.68 
W cm-1). The silver therefore has a positive impact on creating the conductive 
structure and pathways through the film.   
 
The introduction of silver as a blending material into the copper ink provides a realistic 
means of increasing the conductivity of the material while minimizing costs. 
Historically, copper has been around 150 times cheaper than silver [171], [172], [173] 
and is a driver for this thesis. Even if the particle manufacturing costs reduced this to 
a factor of 20, the bill of materials by using a 25% Ag, 75% Cu blend instead of pure 
silver would reduce by a factor of 3.5. Even with fixed manufacturing and sales cost, 
there remains an opportunity for this material blend. This reduced material costs would 
have to be negated against the lower sintering temperatures that are generally needed 





Chapter 8:  Conclusion & Future work 
An experimental study has been carried out on the sintering of thick film printing of 
copper inks to FTO coated glass substrates for a range of applications where printed 
tracks enhance the conductivity/functionality of the transparent surface. As a result of 
the study, the following can be stated. 
 
1. The lowest resistances can be obtained using the pure nano copper ink with 
optimum performance being 1/ 3 bulk resistivity. They also offer the advantage 
of a lower sintering temperature but a longer sintering time to achieve the 
lowest resistance. The superior electrical performance of the pure nano 
materials comes at the expense of poor adhesion performance. 
2. Blending nano particles with micro particles leads to an increase in resistivity, 
typically 3 – 5 times with higher sintering temperatures, but adhesion is greatly 
improved. There is an additional benefit of a wider temperature range where 
acceptable performance is achieved. 
3. Thermal sintering provides a robust sintering method and there is a small 
penalty in sintering the micro/nano particle blend inks in an inert atmosphere 
instead of a reducing atmosphere. This provides a lower cost and safer 
manufacturing route. 
4. There is a narrow operational window where broad spectrum photonic 
sintering can be used. Low lamp energies do not result in conductive structures 
while excessive lamp energy results in failure of the conductive structures by 
complete delamination.  The optimum lamp energy is dependent on the size of 
the feature that is printed. These factors make photonic sintering challenging 
to adopt in any possible application. 
5. It has not been possible to sinter the copper inks with near infra-red energy or 
laser. The laser produces an excessive localized energy absorption which 
causes failure in the printed film. The operational limits for NIR are limited in 
a similar manner to that seen with broad spectrum photonic sintering. 
6. Blending copper nano-micro inks with silver nano particles can be 
advantageous in the way of maintaining the adhesion on FTO substrates while 





silver ink is optimum in terms of improving conductivity while also 
maintaining adhesion and limiting cost. This silver / copper blend provided the 
best overall balanced performance of any of the materials tested. 
 
 8.1:  Future work  
There are a number of elements which have been raised by this thesis where a lack of 
material supply limited the possible investigations, and these should be examined in 
further studies. 
1. The work has focussed on thick film screen printing as low resistance was the 
primary goal. Still, there are other applications where absolute conductivity is 
not a primary consideration, so the examination of sintering technologies for 
thinner films should be investigated. 
2. The thesis has demonstrated that there are an optimum time, temperature, and 
gaseous environment for sintering each nano / micro ink. The impact on this 
for economic production, particularly for larger substrate sizes, needs to be 
established.  
3. There may be an opportunity for refining the operational window of the broad-
spectrum photonic sintering to fully establish whether the limits of operation 
are practical for a given application. Establishing models for the photonic 
sintering could also be enhanced through such an experimental study where 
the necessary physical / electrical capabilities do not exist. 
4. There is scope for additional work in establishing whether a longer, but lower 
laser pulse technology could be used to successfully sinter a thick film on the 
FTO coated glass substrate. As with point 3 above, this could provide 
additional material constants which could be incorporated into numerical 
models of the laser sintering process. 
5. There is an opportunity for expanding the understanding of the underlying 
fundamental mechanism by which the copper micro particles show greater 











Appendix A: Error Mitigation 
  
 
Error  Impact  Mitigation  
Screen printing process 
varies  
Resistance will 
change, Ideal sintering 
conditions may vary  
Visual inspection of every 
sample printed and comparison 
with master  
Oxidation during thermal 
sintering  
• CuO forms,   
• variability in data   
Oven flooded with N2, 
N2H2 gas prior to thermal ramp  
Ink ages and changes   Screen printing process 
varies  
 Materials inspection 
Substrate is 
contaminated  
Poor adhesion, through 
film / substrate 
conductivity reduced  
4 stage cleaning 




 Poor adhesion, at the edge 
of film 
Use spring test probe  
Sample changing due to 
atmospheric exposure  
Variability in data  Samples sealed in 
(kept in a vacuumed bag)   
 Photonic Power varies   Variability in data    Trial test, replacing the lamp if 
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